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DL

Diffusion coefficient in liquid (m2/s)

DA

Diffusivity of element A in phase α (m2/s)

k0

Equilibrium distribution coefficient

k

non-equilibrium distribution coefficient

v

Interface velocity (µm/s)

va

Absolute Interface velocity (µm/s)

vc

Critical Interface velocity (µm/s)

ξ

Unstable dimensional wavelength (µm)

Г

Gibbs-Thomson coefficient (◦C.mm)

L

Latent heat of fusion (J/kg)

δsl

Solid/liquid interfacial energy (J/mm2)

δij

Interfacial energy between i and j phases (J/mm2)

wc

Frequency of the interfacial wave (µm)

λc

Cellular spacing (µm)

λcd

Cellular/dendrite spacing (µm)

λ1

Primary dendrite spacing (µm)

λ2

Secondary dendrite spacing (µm)

Λ

Harmonic perturbation constant

R0

Initial melt-pool radius (µm)

Rp

Melt-pool radius at the planar to cellular transition (µm)

CR

Cooling rate (◦C/min)

ΔS*

Entropy of fusion per unit volume (J/m3.◦C)

ΔSij

Entropy of fusion between i and j phases (J/m3.◦C)

n

Interface normal

r

Radius of the grain boundary groove (µm)

µ ij

Inherent mobility of the interface (mol.s/kg.m)

Φ

Phase-filed parameter (order parameter)

 ij

Frictional coefficient

f

Total free energy of the system (j/mol)

CHAPTER 1

GENERAL INTRODUCTION

Solidification microstructure is a defining link between production techniques and the resulting
mechanical properties of cast metals and in particular steel. The microstructural scales of these
structures control the segregation profiles of solute elements in the interdendritic regions, thus
determining the mechanical properties of the cast structure. Hence, understanding the various
aspects of solidification is essential in the quest for the fabrication of better products.

The microstructure achieved during solidification of alloys is a result of morphological evolution of
the solid/liquid interface. In the past, it was shown that some of the contributing factors which
influence the solid/liquid interface morphology are: temperature gradient, solidification rate and
alloy composition. Real-time solidification studies in iron-based alloys are particularly difficult due to
their occurrence at high temperatures. Consequently, real-time observations of solid/liquid interface
morphologies are mostly limited to the study of transparent organic materials or alloys with
relatively low melting points, using Bridgman-type furnaces and directional solidification techniques.

In Chapter 2, a Laser Scanning Confocal Microscopy (LSCM) was used to experimentally study the
microstructural formations during solidification of steel. The major objective of this chapter was to
investigate the feasibility of the LSCM and the concentric solidification technique as an alternative to
the traditional directional solidification methods in Bridgman-type furnaces. Experimental
observations were carried out on a low-carbon, low-alloyed steel. The effect of varying amounts of
copper additions on the interface instability was studied and subsequently discussed.
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The LSCM provided the possibility of real-time observations at temperatures as high as 1600◦C. The
conventional LSCM’s furnace was equipped with a controller that cooled the specimens at controlled
rates of up to 100◦C/min. Cooling rates of up to 2500◦C/min were also achieved by momentarily
turning off the furnace power for short periods of time. By doing so, the microscope chamber cooled
at rates which were measured subsequently by acquiring data from the thermocouples. In contrast
to the Bridgman apparatus, where controlled temperature gradients can be induced, the
temperature gradient cannot be externally controlled in the LSCM apparatus. The technique used in
this study therefore reproduced a non-steady-state growth condition. In-situ observations provided
the opportunity to study the planar to cellular interface transitions in steel and revealed some
unique phenomena associated with this transition.

In Chapter 3, MICRESS multi phase-field method was used to simulate the pattern formation during
solidification of the low-carbon low-alloyed base steel. The model was linked with in-situ
measurements of solid/liquid interfacial energy in the LSCM, to obtain a more reliable prediction of
interface stability during solidification. Once a “Standard model” achieved, the temperature gradient
and cooling rate in the model were extended beyond the experimental limiting conditions of the
LSCM. A stable planar solid/liquid interface was initially produced in the model. This stable
solid/liquid interface was then subjected to temperature gradients of up to 100◦C/mm and cooling
rates as high as 1000◦C/min. Solute segregation at different stages of interface transition also
modeled using the solute segregation component of the MICRESS code. Discussed, are the solute
segregation profile (1) at the solid/liquid interface at the onset of planar to cellular transition, (2)
ahead of the dendrite tips and (3) in the inter cellular/dendritic liquid. The segregation model
revealed the conditions of solute segregation as a criterion for the prediction of the planar to cellular
2

to dendritic interface transition, the dendrite ternary-arm formation and the dendritic to seaweed
transformation.

In Chapter 4, the “Standard model” of Chapter 3 was further extended in order to simulate the
solidification microstructure of a low-carbon steel strip produced in a twin-roll caster. The effect of
copper on the solidification microstructure and the segregation of copper were subsequently
investigated in the model. Study of copper segregation in the steel strip is of scientific as well as
industrial significance because copper is introduced into the melt by copper containing scrap which
is typically used as feedstock in the twin-roll strip casters.
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CHAPTER 2

Laser scanning confocal microscopy as a tool to study

the interface instability during unsteady-state solidification of low
carbon steel

Solidification phenomena play an important role in various processes such as casting and crystal
growth. Casting, for instance, is the major technique for the manufacturing of metal parts and
sheets. There is a strong relationship between the pertaining solidification conditions and material
properties. For instance, formation of dendritic grains results in non-uniform distributions of solute
within the microstructure, which leads to local variations in mechanical properties. Solidification
studies in iron-based alloys are particularly difficult due to the high melting point as a consequence.
Real-time observations of solid/liquid interface transitions from planar to more complex
morphologies have in the past been restricted to the study of transparent organic materials. In 1965
Jackson and Hunt [1] introduced real-time solidification studies in a Bridgman-type directional
solidification apparatus of transparent organic materials (such as succinonitrile), which have been
shown to display similar solidification behavior as to metals. Succinonitrile solidifies at about 56◦C,
which simplifies the study of solidification phenomena. The in-situ observation of solidification in
Bridgman-type furnaces was extended to low melting-point metallic systems by Witusiewicz et al.
[2]. Tokairin et al. [3] further modified the Bridgman concept to carry out real-time observations of
the growth of Si crystals.

Sen et al. [4] suggested using X-ray transmission microscope to study the solid/liquid interface
during the solidification of metals. Although their suggested technique was successfully used to
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make in-situ observations of the growth front during solidification, the experiments were limited to
low magnifications of about 32 times. Further improvements to X-ray transmission techniques [5]
increased the resolution limit, however, the morphological evolution of the interface could not be
observed. It wasn’t until very recently *6] that the X-ray imaging advancements made possible to
make in-situ observation of solidification and high-temperature phase transformations in steel
systems. The proposed X-ray technology employs a synchrotron radiation device equipped with hard
monochromatized laser, to study dendritic solidification and delta-ferrite to austenite phase
transformation in real-time in steel.

Development of the high-temperature laser-scanning confocal microscopy (LSCM) provides the
opportunity to directly observe solidification and solid-state phase transformations at temperatures
as high as 1600◦C. The LSCM combines advantages of confocal optical microscopy with a He-Ne
laser, to obtain high resolution real-time observations at elevated temperatures. The LSCM was
initially designed and extensively employed in biological research [7], and later extended its
application to metallurgical studies. Since then many research was conducted to study phenomena
such as high-temperature phase transformations and solidification in steel [8-10].

The coming of age of high-temperature laser-scanning confocal microscopy (LSCM) has made it
possible to study in-situ the solidification of metals and such a microscope has been used to make
observations of the influence of solidification parameters and alloy additions on the solid/liquid
interface instability in low carbon steel. More specifically, the influence of cooling rate, sample
thickness and alloy composition on the solid/liquid interface morphological development during a
non-steady state growth has been investigated. In-situ observations were performed in different
5

steel grades with varying amounts of copper. The effect of copper additions on interface instability
of low carbon steel is specifically important due to the presence of copper in scarp-based electric-arc
furnace steelmaking operations, of which the twin-roll strip casting process is an example.

2.1

Literature review

2.1.1.

Casting and Structural Zone Formation

Casting to date is the most cost effective and common form of component production in steel
industries. One of the greatest challenges in casting of steel is the production of quality materials
with appropriate mechanical properties, able to partake in further processing. Figure 2.1 illustrates
various structures that form during solidification of liquid metal in a mould. During the solidification
process, the first solid nuclei form at the mould wall. These nuclei grow into equiaxed grains,
forming the “outer equiaxed zone” or “chill zone”. The outer equiaxed crystals subsequently grow
opposite to the direction of heat flow - competing with other crystals growing at other directions forming the “columnar zone”. Depending on the solidification conditions, the columnar zone can
consist of columnar grains, columnar dendrites or a combination of both. As the columnar grains
approach the centre regions of the mould, the detached branches become nucleation sites for new
grains. These new grains are exposed to a radial thermal gradient and grow independently at the
centerline area, forming the “inner equiaxed zone”.
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Figure 2.1 Structural zone formation in casting mould. [11]

In conventional continuous casting of slabs, the solidification mechanism is somewhat similar to the
mould casting mechanism depicted in Figure 2.1. In conventional continuous casting of slabs or thinslabs, solidification initiates at the meniscus region and develops into the centre of the strand.
Unlike in mould casting, macroscopic-liquid flow occurs in the molten pool ahead of the growing
solid/liquid interface, which could result in breaking of the dendrite tips. However, regardless of the
casting technique that is used (to name conventional slab casting, thin-slab casting or strip casting),
the three microstructural zones could be present in the final cast microstructure. In the case of low
carbon or low alloyed steel, these three zones are usually present. In some instances, one or more of
the microstructural zones are absent. Stainless steel for instance is often fully columnar with little or
no chill zone and no central equiaxed region. Conversely, some aluminum alloys are fully equiaxed.
The main factors that define the presence and the extent of these microstructural zones are the
properties of cast material (composition and nucleation ability for instance), mould conditions (such
as thermal conductivity and specific heat of the mould) and casting conditions (for example pouring
temperature and melt stirring) [12].
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2.1.2.

Solidification in superheated and undercooled melt

The morphological development of the solid/liquid interface depends on the thermal conditions of
the mould and the alloy. Where temperature of the mould is less than the melting point of the alloy
(Tms >Tf), solidification occurs by the extraction of heat from the melt into the mould through
conduction, Figure 2.2.

Figure 2.2 Temperature distribution during solidification in a superheated melt. [13]

The condition shown in Figure 2.2 is known as superheated melt condition or “constrained growth”
where T0 is the temperature of the mould away from the mould/alloy contact, Tms is the
temperature of the mould at the contact point with the solidified shell and Tf is the temperature of
solid/liquid interface. Alternatively, the melt could be cooled to a temperature lower than the
melting point of the alloy, before the solidification occurs. This phenomenon, which is schematically
illustrated in Figure 2.3 is referred as undercooled melt or “free growth” condition.
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Figure 2.3 Temperature distribution during solidification in an undercooled melt. [13]

As illustrated in Figure 2.3, in the free growth scenario, the solid/liquid interface has the highest
temperature and heat extraction through conduction occurs on opposite sides of the interface [13].
Depending on the cast conditions, solidification follows one of these two behaviors.

2.1.3.

Instability mechanisms during solidification

Considerable effort has been expended and a lot of research conducted in attempts to describe the
transition of solid/liquid interface from an initial planar state into a non-planar unstable state. The
transition from a planar interface into a non-planar interface is referred as an instability mechanism.
Figure 2.4 shows the instability of a solid/liquid interface in a succinonitrile alloy, followed by its
transition into cellular and dendritic structures.
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Figure 2.4 Transition of planar solid/liquid interface into cellular and dendritic microstructure during
directional solidification of a binary alloy of Succinonitrile & Coumarin 152. [14]

Mullins and Sekerka [15-17] published the first body of work on the instability mechanism by
developing a morphological stability theory. Their theory takes into account the isotropic interface
properties and describes the stability of a two-phase interface. Mullins’ morphological stability
theory concludes [16] that the transition from a planar to a non-planar interface is sharp and can be
described by specific relationships between temperature gradient, interface velocity and alloy
composition. The work of Mullins was followed by Cahn [18] and Coriell et al. [19], adding
anisotropic interface properties such as the surface tension to the morphological stability theory.
Rutter and Chalmers [20] and Tiller et al. [21] hypothesized ‘‘constitutional supercooling’’ as the
origin of interface instability. According to the constitutional supercooling (or CS) theory, at a
growing solid/liquid interface, solute elements are continuously rejected from the solidifying front,
forming a build-up of rejected solute ahead of the advancing interface. This build-up or ‘‘snowplow’’
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of rejected solute is due to the lower solubility of solute elements in solid in comparison to liquid.
The increased solute concentration in liquid ahead of the interface alters the solidification
temperature of the alloy. Figure 2.5, schematically illustrates the built up of solute in liquid adjacent
to the interface. Moving away from the interface into liquid, the solute concentration gradually
decreases to reach the initial solute composition of alloy, C0.

Figure 2.5 Constitutional supercooling in alloys. [11]

Figure 2.5 shows that, as a result of solute snowplow, a volume of liquid ahead of the solidification
front is undercooled by ΔT0. If a part of the planar interface perturbs, the perturbed region is
undercooled and thus grow more rapidly. Hence, the perturbation amplitude increase and the
perturbation wave become stable.
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Constitutional supercooling does not occur when dTq dx is greater or equal to dTL dx , as shown
in Figure 2.6. Hence, the perturbed waves are not stable, they do not grow and the interface
progresses in a planar fashion. Conversely, constitutional supercooling occurs when the temperature
gradient due to the undercooling (as a result of the alloying-elements built-up ahead of the growing
solid/liquid interface) dTL dx is greater than the external temperature gradient imposed at the
interface, dTq dx as shown in Figure 2.6.

Figure 2.6 Temperature gradient condition for the occurrence of constitutional supercooling criteria. [11]

According to the constitutional supercooling theory the critical growth rate for the initiation of
instability, Rpc, can be calculated by [22]:

12

m C 1  k 0 
GL
 L 0
RPC
k 0 DL

Eq. 2.1

Where GL is the temperature gradient in the liquid at the interface, C0 the initial solute
concentration, mL the liquid line slope in the equilibrium phase diagram, DL the diffusion coefficient
in the liquid and k0 is the equilibrium distribution coefficient.

In order to calculate the critical growth rate for the initiation of instability, Dantzig et al. [13]
computed the regions of unstable wavelengths as a function of the pulling velocity speed for an AlCu alloy. Figure 2.7 shows the stability of this interface as a function of interface velocity ( v ).

Figure 2.7 Region of unstable wavelengths as a function of interface velocity in an Al-Cu alloy (Dl is the
chemical diffusivity of solute in liquid and Γ is Gibbs-Thomson coefficient). [13]
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Figure 2.7 shows that the unstable dimensional wavelength (ξ) is limited within a maximum and
minimum velocity range. Similar to constitutional supercooling theory, the minimum (or critical)
velocity is defined as a function of temperature gradient (G), diffusion coefficient in liquid (DL) and
thermodynamics of the system ( T0 =TL-Ts). According to Figure 2.7, there also exists a stable region
at the upper limit of interface velocity. Stability of the planar interface at high velocities is referred
as absolute stability which is measured by:

v a  DL T0 / k  , where T0 is Tl-Ts, k is non-

equilibrium distribution coefficient, DL is the diffusion coefficient in liquid and Γ is Gibbs-Thomson
coefficient. Absolute stability occurs as a result of a balance between the diffusion distance (D/V)
and the capillary effect (due to the surface energy). When the interface velocity is very high, then
the diffusion distance becomes small and eventually restricted to the interface itself. At this stage
the capillary effect becomes dominant, stabilizing the planar interface [11].

The second theory to describe the solid/liquid interface instability is the perturbation theory. It is
suggested [23] that the perturbation theory is better suited to describe the instability mechanism.
This is due to the fact that the perturbation theory directly deals with the interface as opposed to
constitutional supercooling criteria which deals with the interface in contact with liquid. Shibata et
al. [23] conducted a series of directional solidification experiments on Al-Ti and Al-Cr alloys and
where they observed the presence of circles or bands at the sample cross section as shown in Figure
2.8.

14

Figure 2.8 Transverse section of a Al-Ti alloys, solidified unidirectionally under the temperature gradient of
8.17◦C/mm. [23]

They hypothesized that these circles correspond to the onset of interface instability and during the
formation of elongated cells. These circles found to form with regular intervals suggesting that the
instability wave grows with a constant frequency. According to the perturbation theory, the
interfacial wave at the instability onset has a specific frequency which can be determined from
solidification conditions and physical values of the system as shown below [23]:

Tm v 2 4kmGLc D L  1 X c  X c  2k  1
2



X c  1  2 c DL / v 



2 12

,   σ SL L

2

Eq. 2.2

Eq. 2.3

Where Tm is melting temperature of pure solvent, σSL is the solid/liquid interfacial energy, L is the
latent heat of fusion, k is partition coefficient, mL is the slope of the liquidus line, GLc is the solute
concentration gradient in the liquid at the interface, DL is the diffusion coefficient of the solute in the
liquid, ωc is the measured frequency of the interfacial wave and v is the interface velocity. Equations
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2.2 and 2.3 show that unlike the constitutional supercooling criteria, the perturbation theory takes
into account the effect of solid/liquid interfacial energy on the instability of the interface.

2.1.4.

Cellular to dendritic transition

Dendritic microstructures constitute a wide range of solidified microstructures during industrial
processes such as casting and welding. Over the past few years there have been major theoretical
and computational advances in order to improve our understanding on the formation and growth of
dendritic structures. Experimental as well as simulation techniques have been developed to predict
formation and growth of dendritic microstructures. Such studies have a great deal of importance
due to the significant influence of solidification microstructure on the properties of a wide range of
industrially-important materials. As discussed earlier, Mullins morphological stability theory and the
following instability analysis describe the transitions from a planar to a non-planar interface at low
velocities and that from a non-planar to a planar interface at high velocities as being sharp (meaning
that planar and cellular structures cannot coexist) and a function of temperature gradient, interface
velocity and alloy composition. It was also discussed that under the conditions defined by the
constitutional supercooling criteria, the perturbed planar waves can develop into cellular structures.
Alternatively, dendrites can form. Unlike cells, dendrites grow in crystallographically-determined
growth directions which are as close as possible to the direction anti-parallel to the heat flux
direction.

Earlier researches [24-26] have shown that the cellular to dendritic transition (CTD) also occurs
under defined conditions specified by relations between temperature gradient (G), interface velocity
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(V), and alloy composition (C0). Experimental observations [27-30] indicated that cells and dendrites
can coexist in some alloys over a range of velocities and under a constant temperature gradient.
These observations led to the conclusion that unlike planar to a non-planar transition, CTD is not
sharp. Figure 2.9 for instance shows coexistence of cells and dendrites in a Succinonitrile alloy.

Figure 2.9 Coexistence of cells and dendrites, showing the critical spacing in succinonitrile-4(wt)% acetone.
[31]

Earlier research [24, 29, 32] suggested that the primary arm spacing also plays a role on the cellular
to dendritic transition. The primary arm spacing is the average spacing between two adjacent solid
columns which determines the complexity of the cellular or dendritic structures. According to Trivedi
et al. [31], during solidification in an undercooled melt the cellular arm spacing doesn’t come into
consideration; however, during solidification in a superheated melt, the local cellular spacing
influences the solute fields near the cell tips, thus affecting the CDT criteria. Trivedi et al. [31]
proposed that CDT occurs in a range of growth conditions characterized by the V/G ratio for a given
alloy composition. Below this range only cells are stable and above it only dendrites are stable. The
cell and dendrite coexistence region is shown by the grey highlighted area in Figure 2.10. In between
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the (V/G)min and (V/G)max,, cells and dendrites coexist and a critical spacing determines whether cells
or dendrites are predominant.

Figure 2.10 The cell-dendrite coexistence region showing the limiting values of V/G for different thermal
gradients and velocity conditions in a transparent SCN-salol system. [31]

2.1.5.

Dendritic Growth

When the conditions satisfy destabilization of the planar solid/liquid interface, the perturbation
waves usually initiate at microstructure irregularities, such as edges of the sample or at pre-existing
grain boundaries. Figure 2.11 for example shows the transition of the interface from planar into
cellular and dendritic patterns in succinonitrile alloy in a directional solidification setup.
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Figure 2.11 Growth of dendrites during directional solidification of Succinonitrile-acetone alloy. [13]

The primary dendrite arms grow in their preferential growth direction with a parabolic tip.
Secondary arms subsequently branch off with an angle to the primary arms where the temperature
gradient is still high. To examine the effect of crystal structure on the preferred growth direction of
dendrites, Gonzales et al. [33] measured the dendrite growth directions in an Al-Zn alloys using
electron backscattered diffraction (EBSD).

They observed that, starting with the highest zinc

concentrations (90wt%), the dendrites grew in the preferred HCP direction of <110>, Figure 2.12a.
By lowering the Zn concentration (to about 10wt%), primary arms changed their preferred growth
direction to <100> which correspond to the alloy’s FCC structure, Figure 2.12b.
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Figure 2.12 (a) Al-(90 wt %) Zn dendrites grow at <110> direction (b) Growth direction of Al-Zn dendrites as a
function of the nominal concentration showing a transformation from <100> to <110> growth directions
between 25 and 60 wt % Zn. [33]

Some of the preferred crystallographic directions for the dendritic growth in different
crystallographic structures are listed in Table 2-1.
Table 2-1 Preferred crystallographic directions for dendritic growth. [13]

2.1.6.

Crystal
structure

Preferred growth
direction

Examples

FCC

<100>

γ-Fe, Al, Cu, Ni

BCC

<100>

δ-Fe, Succinonitrile (SCN)

HCP

<110>

Zn, H2O

Tetragonal

<1 1 10>

Sn

Energy anisotropy

Once a stable perturbation is formed at the planar solid/liquid interface, dendrites grow based on
the preferred growth directions of the underlying crystal. The exhibited preference is due to the
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anisotropy of the solidified crystal, which could be the in the surface energy or in the attachment of
atoms to the interface. Figure 2.11 for instance shows a succinonitrile alloy with BCC structure,
where the primary dendrite arms growing along the <100> directions. The <100> direction is the
typical growth direction of BCC crystals, which reveals the inherent surface energy anisotropy of the
crystal. The preferred growth direction of the dendrites is an attempt to minimize the area of the
surfaces with the highest surface energy, thus the tree-like shape of the dendrites are originated.
[13]
2.1.7.

Stable regions of the solid/liquid interface

Figure 2.13 schematically illustrates the stable regions of the solid/liquid at varying temperature
gradients and interface velocities, showing the critical (Vc) and absolute (Va) interface velocities. At a
constant temperature gradient (G1), the planar interface develops stable perturbations and
transform into cells when the interface velocity reaches the minimum stability limit of Vc. When the
interface velocity is further increased, cells transform into dendrites. The dashed line in Figure 2.13
indicates that the cell/dendrite transformation is not sharp.

Figure 2.13 Schematic illustration of solid/liquid interface stability condition as a function of temperature
gradient and interface velocity. [11]
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At high pulling velocities (in Bridgman-type experiments) dendrites transform back into cells and
eventually when the interface velocity exceeds the higher stability limit of Va , the cells transform
back into a planar state.

2.1.8.

Effect of solidification parameters on cellular and dendritic arm spacing

Several theoretical models [25-26, 34-36] have been developed to determine the spacing of cellular
and dendritic structures under steady-state growth conditions, as a function of G, V and C0. The
theoretical models have been compared to experimental studies [37-43] for alloys of different
systems (succinonitrile-acetone, Al-Cu, Al-Zn, Sn-Pb etc) and reasonable agreements have been
found. Among the theoretical models that predict the cell/primary dendrite arm spacing are the
Hunt [34], Kurz and Fisher [25] and Tivedi [26] models which are shown respectively in Equations 2.4
to 2.6.

1  2.83[m(k 0  1) DL ]0.25 C 00.25G 0.5V 0.25
 m(k 0  1) DL 
1  4.3

k 02



Eq. 2.4

0.25

C 00.25G 0.5V 0.25

1  2.83m(k 0  1) DL 0.25 C 00.25G 0.5V 0.25

Eq.2.5

Eq.2.6
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In these equations, λ1 is the primary dendrite arm spacing or cell spacing, Г the Gibbs-Thomson
coefficient, m the liquidus-line slope, K0 the solute partition coefficient, DL the diffusion coefficient in
the liquid and C0, G and V are solidification processing parameters, solute concentration,
temperature gradient in liquid and the solid/liquid interface and interface velocity respectively. The

 factor in equation 2.6 is a constant that depends on the harmonic perturbations. Equations 2.4 to
2.6 result in similar predictions of the cellular spacing with the different among them being a
constant [44].

2.1.9.

Summary

During solidification, the solid/liquid interface can develop from a simple planar shape into complex
cellular and dendritic patterns. The transition of a planar interface into cellular and dendritic
structures is principally influenced by three major physical parameters:
1. The solute diffusion in alloys. The mass diffusion is a kinetic process by which the system
reduces the Gibbs free energy. Diffusion has a destabilizing effect on the interface stability
where it amplifies the perturbations, described by the constitutional supercooling
mechanism. [45]
2. Capillary effect which has a stabilizing effect on the solidification interface. The capillary
effect is due to the surface energy of the solidifying phase. [45]
3. Kinetic attachment phenomena, which defines how the solute/solvent elements attach from
the liquid into the solid crystallographic structure. The kinetic attachment phenomenon is
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more important at high rates of solidification. In solidification studies using the LSCM, the
rate of solidification is relatively low and therefore kinetic attachment is not likely to be a
contributing factor. [45]

In addition to the above physical parameters, which are inherent to the alloy, there are external
factors or process parameters that also affect the instability of interface. These parameters are the
solidification rate (cooling rate in the LSCM or the interface velocity in a directional solidification
setup) and the temperature gradient. Once solidification occurs, the resulting solidification
microstructure can remain in the final alloy microstructure and essentially determine the final
mechanical properties of the manufactured product. Hence, a fundamental understanding of the
microstructural development during solidification is of crucial importance. Although a number of
researchers have addressed this topic, real-time studies of solidification in steel are scarce. The
dearth of such investigations is mainly due to the occurrence of this phenomenon at high
temperatures and the inability of experimental techniques by which the evolution of solid/liquid
interface morphologies can be studied in real-time. As a result, most of the previous in-situ research
on this topic has been done either on succinonitrile alloys (or similar organic materials which solidify
in a similar manner to steel) or on metallic alloys (for instance aluminum alloys) that melt at
significantly lower temperatures than steel.
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2.2

Experimental Techniques

2.2.1.

Laser Scanning Confocal Microscopy

A high-temperature laser-scanning confocal microscope (LSCM) was used to make in-situ and realtime observations on the surface of solidifying samples at elevated temperatures. A He-Ne laser with
a wavelength of 632.8nm scans the surface of the specimen, able to reach magnifications of up to
1350x at a resolution of 0.25µm. The laser light is focused on the sample by an objective lens [9]. The
reflected laser beam is then focused onto a photo detector through a beam splitter as shown in the
Figure 2.14.

Figure 2.14 Schematic representation of the confocal microscope optics. [9]

The focused laser spot scans the sample at 15kHz in horizontal and 60kHz in vertical directions and
the resulting image is stored in an imaging system. A pinhole is placed in front of the detector and
blocks the light beams which are not coming from the focal plane, as illustrated in Figure 2.15. The
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pinhole also blocks the thermal radiation coming from the heated sample. Due to the placement of
pinhole only a narrow optical plane is produced which leads to a sharp, high-resolution image. [9]

Figure 2.15 Confocal optics and pinhole placement. [9]

A 1.5kW halogen lamp, located at one bottom focal point of a gold-plated ellipsoidal microscope
cavity heats the sample by radiation. The gold-coated ellipsoidal chamber collects and concentrates
the heat on the surface of the specimen which is located at the other focal point of the furnace
chamber. Figure 2.16 shows the schematic representation of the furnace chamber, which forms part
of the high-temperature laser-scanning confocal microscope system. [9]
.
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Figure 2.16 Schematic representation of the LSCM chamber.

Samples are placed in a cylindrical alumina crucible with an inner diameter of 9.2mm. A platinum
specimen holder, to which a B-type thermocouple is attached, holds the crucible in position as
shown in Figure 2.17.

Figure 2.17 Schematic representation of the LSCM sample holder and crucible.

The sample and the holder are then inserted in to the top half of the furnace chamber. This section
is atmosphere controlled to avoid oxidation of the specimen at elevated temperatures. The top half
of the microscope chamber is filled with ultra-high purity argon gas. To further purify the inert gas, a
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Super-CleanTM gas filter is placed in the gas train. The purified gas is then passed through a stainless
steel tube filled with titanium pieces, held at a temperature of 900◦C. The purity of the resulting
carrier gas prior to entering the furnace chamber is better than 99.9999%. In order to ensure high
integrity of the inert atmosphere in the furnace, the microscope chamber is vacuum flushed with
argon gas 10 times. A Rapidox 2100 Cambridge Sensotec oxygen sensor determines the partial
pressure of oxygen during the flushing period and during the experiment. [9]

2.2.2.

Concentric Solidification technique

A concentric solidification technique, developed and described by Reid et al. [10] was used to
improve real-time observations of solidification in the laser scanning confocal microscopy. The
technique consists of creating a liquid pool in the centre of thin cylindrical discs of specimen
surrounded by a solid delta-ferrite rim, as depicted schematically in Figure 2.18. Using this
technique, a radial thermal gradient is created across the 9mm diameter samples with the maximum
temperature located at the centre of the specimen.

Figure 2.18 Concentric solidification technique, showing the liquid pool and delta-ferrite rim in a steel
sample. [10]
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The main justification for using the concentric solidification technique is that the surface tension
balance between solid, liquid, gas and crucible results in a stretched liquid region with significantly
reduced meniscus effect. Consequently, the area at which the solid/liquid interface can be observed
is greatly enlarged and the quality of the image significantly enhanced. [10]
Figure 2.19 compares the solid/liquid observations on a steel sample once with the conventional
techniques (a) and once using the concentric solidification technique (b).

Figure 2.19 Observation of the solid/liquid interface with (a) conventional techniques and (b) the concentric
solidification technique. [10]

2.2.3.

OxiSurface technique

Another unique technique implemented in this study is the so-called OxiSurface technique [8]. In the
OxiSurface method, a small amount of oxygen is introduced into the microscope chamber while the
samples are kept at elevated temperatures. Consequently, a very thin oxide layer forms on the
surface of the specimen. With the formation of this thin oxide layer, surface microstructure of the
samples at the point of oxidation is retrained. A “preserved” microstructure is obtained, where the
grain boundary grooves and surface topography of the high-temperature phase can be studied at
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room temperature. Without the introduction of oxygen, the high-temperature surface
microstructure is concealed by the occurrence of subsequent phase transformations at lower
temperature. Figure 2.20 shows a preserved delta-ferrite microstructure observed with an optical
microscopy at room temperature. The OxiSurface method can be used in addition to, or as a
replacement for common etching techniques that reveal the grain boundary structure of high
temperature phases.

Figure 2.20 Preserved delta-ferrite structure in room temperature using OxiSurface method, showing
abnormal grain growth of some grains. [8]

In this study, following the moment of complete solidification, the OxiSurface technique was used to
preserve the delta-ferrite grain boundary grooves. The samples were cooled to room temperatures,
lightly polished and the topographical information of the retained phase studied optically and in a
SEM. The difficulty of this technique is to introduce the optimum amount of oxygen, which if
exceeded, forms a thick oxide layer that masks the microstructure.

30

2.2.4. Assessment of high-temperature laser-scanning confocal microscopy as a tool to
study solid/liquid interface instability

The study of solid/liquid interface instability is traditionally conducted in Bridgman-type furnaces
using directional solidification experiments. The Bridgman furnace is designed to produce controlled
temperature gradients within an electrically resistance heated furnace in which the sample is placed.
The temperature gradient is produced by a number of tapered heating coils, as shown in Figure 2.21.
The apparatus is equipped with a synchronized motor, moving the stage at the desired rate, while
keeping the solidification front in a stationary position.

Figure 2.21 Schematic representation of a vertical Bridgman apparatus. [14]

The Bridgman apparatus design allows precise control on the velocity of the solid/liquid interface
and provides relatively good control of the temperature gradient in liquid ahead of the interface.
However, solidification events at elevated temperatures cannot be observed in real-time in the
conventional Bridgman design and hence, in-situ observations of the solidification of steel cannot be
carried out in this system. By contrast, the LSCM apparatus provides the possibility of in-situ
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observations of the progress of solidification as well as the subsequent solid-state phase
transformations at temperatures as high as 1600◦C. A drawback of the conventional LSCM system is
that the temperature gradient in the liquid at the solid/liquid interface cannot be controlled because
the solidification rate is controlled by the rate of cooling of the whole specimen as opposed to
controlling the interface velocity in the Bridgman-type furnace.

The resulting temperature gradient in the concentric solidification technique is due to the
concentrated beam at the centre of a 9mm diameter sample and the extraction of heat along the
sample radius. From a geometric point of view, the larger the fraction of solid, the higher the rate of
heat extraction and therefore the higher the temperature gradient at the solid/liquid interface. The
cooling rate, however, can be controlled precisely up to a maximum of 100◦C/min by the furnace
controller. Cooling rates higher than 100◦C/min with the maximum of 2500◦C/min is also achieved
by turning off the heating lamp for short periods of time. By turning off the heating lamp, samples
and the microscope system are gas quenched. Subsequently, there is a significant risk of damaging
the specimen holder in the microscope due to the thermal shock and hence solidification
experiments at high rates were only performed in a limited number of experiments. Solidification
studies in the LSCM reproduce a non steady-state growth condition under a constant cooling rate
and a non-linear regime of temperature gradient.

Chikama et al. [47] were the first to directly observe the planar to cellular and cellular to dendritic
solid/liquid interface transition in Fe-C alloys using the LSCM. They conducted solidification
experiments on steel specimen by melting the whole sample in an alumina crucible and observing
the solid/liquid front during solidification. Melting the whole sample, nucleation of heterogeneous
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nuclei occurred upon solidification and resulted in the growth of numerous individual grains. Phelan
[9] subsequently proposed a different technique to make possible real-time observations of
interface instability in the LSCM by using rectangular samples, in which he melted half of the sample
in order to avoid heterogeneous nucleation of grains following solidification. After establishing the
solid/liquid interface in the middle of the rectangle, he cooled the samples at different rates and
observed the interface transition from planar into cells. However, due to the presence of a meniscus,
high-quality observations of progressing solid/liquid interface could not be made.

In the present study, we used the so-called concentric solidification technique, developed and
described by Reid et al. [10] to improve the quality of real-time observations of solidification in the
laser scanning confocal microscope at varying cooling rates and thickness of sample. The in-situ
observations provided the possibility to study planar to cellular to dendritic transitions in real-time
and revealed some unique phenomena associated with this transition.
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2.3

Experimental Procedure

Cylindrical LSCM samples of 9mm diameter were cut into thin disks using an Accutum 3500 diamond
cutting machine and ground with 800, 1200, 2400 and 4000 abrasive papers before being polished
by standard metallographic techniques using 6µm and 1µm diamond powder. Two groups of
samples were studied as shown in Table 2-2. Alloy A is a low-carbon, low-alloyed steel, where the
alloying elements are kept the lowest possible level in order to eliminate their effect on the
solidification behavior. Alloy A was produced in a laboratory scale vacuum induction melting
furnace. Unlike Alloy A that was produced with minimal solute elements, Group B samples contained
various amounts of substitutional alloying elements, most notably manganese and copper. In Group
B samples, copper and manganese were deliberately added in order to investigate their effect on the
solidification behavior. These solute elements change the stability of interface by their segregation
and their influence on the solid/liquid interfacial energy. Group B alloys were produced in a steel
mould in an induction furnace with argon gas shrouding. The amount of manganese in Group B
alloys is constant around 1(wt)% while the copper content continuously increases from samples B1
to B3.
Table 2-2 Chemical composition of specimens
Elements, wt%
Specimen

C

Cu

Mn

P

S

Cr

Mo

Ni

Al

A

0.0500

<0.002

<0.01

0.002

0.002

<0.002

<0.002

<0.002

0.016

B1

0.0510

0.0577

1.10

0.0204

0.0106

0.0112

<0.0010

0.0142

0.0020

B2

0.0587

0.134

0.98

0.0215

0.0130

0.0113

<0.0010

0.0149

0.0021

B3

0.0278

0.288

0.94

0.0210

0.0117

0.0112

<0.0010

0.0143

0.0023
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Samples containing 0.5, 1 and 2(wt)%Cu were also prepared. However, the melt pool in these
specimens repeatedly ruptured, most probably due to the decreased surface tension. Table 2-3
shows the surface tension values of Fe, Cu and Mn at their melting temperature.
Table 2-3 Surface tension of liquid metals [47]
-1

Metal

Surface Tension (mN/m )

Fe

1872

Cu

1303

Mn

1090

Since real-time observations in the LSCM are limited to events occurring on the surface of a
specimen, it was necessary to ensure that the solidification events observed on the surface are valid
representation of bulk behavior. For this reason, sample thicknesses of 150µm, 250µm and 450µm
were prepared and experimentally examined. When copper was present in steel, surface tension of
the melt was reduced and the liquid pool ruptured repeatedly in 150µm thick specimens. Therefore,
a minimum thickness of 250µm was required for establishing a stable liquid pool in Group B samples.
Geometrical details of the specimens used in the experiments are shown in Table 2-4.

Table 2-4 Sample geometry
Sample Group

A

B

Diameter (mm)

Thickness
(µm)

Volume (mm )

9

150

9.53

9

250

15.90

9

450

28.62

9

250

15.90

3
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Once a high-purity argon atmosphere was established in the LSCM furnace chamber, the specimens
were heated at a rate 45◦C/min into the δ phase. The heating rate was then reduced to 1◦C/min
until the centre of the specimen melted and a liquid pool established. When the pre-determined
pool size was reached, the temperature was kept constant and sufficient time was allowed so to a
steady state was attained. Subsequently, the samples were cooled at cooling rates ranging from
5◦C/min to 100◦C/min and the solidification behavior observed in real-time. The in-situ observations
are recorded in real-time digital movie format at 30 frames per second. The resulting movie is then
analyzed using SolTrack [48] image-processing software. Using SolTrack, the pool radius at any given
time was precisely measured and the progression of the solid/liquid interface was tracked. Table 2-5
shows an example of a heat treatment cycle applied on an Alloy A sample.
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Table 2-5 LSCM time-temperature profile of an Alloy A sample cooled at a rate of 70◦C/min
Step

Step Time

Temperature

Total Time

Heating Rate

No.

(min)

(°C)

(min)

(°C/min)

0

0

100

0

0

1

1

150

1

50

2

15

150

16

0

3

30

1500

46

45

4

50

1550

96

1

5

20

1550

116

0

6

1

1480

117

-70

7

30

100

147

-46

A feature of the concentric solidification technique is the reproducibility of experiments. Once the
solidification observations are made, the melt pool can be recreated to the original size with the
same delta-ferrite grain structure in the rim, using a second heating cycle. Therefore the effect of
cooling rate on the solidification microstructure, from the same initial rim microstructure and pool
diameter can be obtained.
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2.4

Results & Discussion

2.4.1.

Instability of the solid/liquid interface in Alloy A

Alloy A samples with a thickness of 150µm and an initial pool radius 3.00±0.15mm were cooled at
the rates that varied between 20◦C/min and 100◦C/min. During the cooling regime the planar
interface developed a perturbed wave which eventually became stable and developed into cells as
depicted in Figure 2.22.

Figure 2.22 Transition of (a) the initial planar solidification interface to (b) a cellular pattern in Alloy A.
Cooling rate is 20◦C/min and the sample thickness is 150µm.

During the transition from planar to cellular structures, the perturbation wave initiating at the deltaferrite grain boundaries or sub boundaries as depicted in Figure 2.23. When the perturbation wave
initiated at the grain boundaries, it developed along the solid/liquid interface, transforming the
interface into a cellular structure. The planar/cellular transition in 150μm thick samples showed a
qualitatively similar behavior for the cooling rates between 20◦C/min to 100◦C/min.
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Figure 2.23 Initiation of the planar to cellular transition at the delta-ferrite grain boundaries at the cooling
rate of 40◦C/min. Sample thickness is 150µm. (The image in the right is the reconstructed microscope image
on the left).

When the cooling rate increased to 150◦C/min in the 150μm thick samples, a different solidification
microstructure was observed. Quickly following the planar to cellular transition and at the onset of
the cellular growth, the cellular structure transformed into the microstructure presented in Figure
2.24.

Figure 2.24 Solidification microstructure of 150μm thick Fe-0.05(wt)%C samples. Cooling rate is 150◦C/min
and sample thickness is 150µm.
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Closer examination of the “dark spots” in Figure 2.24 revealed that they are micro-porosities which
formed at the liquid bays in the inter-cellular regions. Figure 2.25 provide a clearer picture of the
formation of such inter-cellular porosities.

Figure 2.25 Formation of inter-cellular micro-porosities during the solidification of Fe-0.05(wt)%C in 150μm
thick samples. The cooling rate is 150◦C/min and sample thickness is 150µm.

To better observe the shape of these porosities, the delta-ferrite microstructure was partially
oxidized by the means of Oxisurface technique, immediately upon solidification. The Oxisurface
technique [8] allowed the retention of the topographic surface structure and the traces of the grain
boundaries of the oxidized phase at room temperature. After cooling to room temperature, the
sample was polished with 1μm diamond powder and the surface was studied in a SEM. The observed
surface structure is shown in Figure 2.26.
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Figure 2.26 Inter-cellular micro-porosities during the solidification of a 150μm thick Fe-0.05(wt)%C sample.
The cooling rate during liquid to delta-ferrite phase transformation was 150◦C/min.

The SEM images revealed that the observed micro-porosities are essentially a type of shrinkage
cavities, associated with the planar to cellular interface transition. These types of porosities in some
instances appeared with regular intervals on the surface of solidified samples, as it is the case in
Figure 2.25. However in many other instances they distributed randomly within specific inter-cellular
locations. An example of the irregular inter-cellular micro-porosities is shown in Figure 2.27.
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Figure 2.27 Irregular inter-cellular micro-porosities during the solidification of a Fe-0.05(wt)%C sample.

A similar observation was once reported by Shibata et al. [23] during the directional solidification of
Al-Ti and Al-Cr alloys, where they observed circular cavities at the cross section of the solidified
alloys. They described these cavities as having regular intervals and suggested that they must have
formed immediately after the planar/cellular transition and within the cellular microstructure.

In specimens 250μm thick, in similar vein to 150μm thick samples, the perturbation wave initiated
from the delta-ferrite grain boundaries at the solid/liquid interface. However, it was occasionally
observed that the solidification front changed from a distinct interface into a “region” of
solidification, as depicted in Figure 2.28. Figure 2.28 shows the transition of the solidification front
from a distinct interface into a region of solidification in a 250μm thick specimen of Alloy A cooled at
a rate of 350◦C/min. This observed behavior - which is directly related to the sample thickness - is
possibly due to the fact that the temperature at the centre-line of the disk is lower than the
temperature at the free surfaces. As a result, a temperature gradient is introduced in the thickness
direction which destabilized the interface beneath the free surface.
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Figure 2.28 The initiation of perturbation wave at the grain boundaries (above) and the transformation of
solidification front from a distinct interface into a solidification region (below) in a 250µm thick sample of
Alloy A. The Cooling rate is 350◦C/min.

A closer inspection revealed that this solidification region occasionally shows a regular solidification
pattern. Figure 2.29 shows an array of solid islands with regular intervals forming ahead of the
solid/liquid interface. As the sample thickness increased from 150μm to 250μm, the imposed
temperature gradient in the thickness direction could initiate the planar to cellular transition at the
thickness direction. When these cells grow and reach the free surface, they appear as islands as
shown in Figure 2.29.
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Figure 2.29 Planar to cellular transition of the solidification interface in a 250μm thick Fe-0.05(wt)%C
sample. The cooling rate is 150◦C/min

To further identify the sample thickness effect on the instability of a planar solid/liquid interface,
experiments were conducted on 450μm thick samples. After establishing the liquid pools with a predetermined radius, the samples were cooled at the cooling rates of 20◦C/min to 500◦C/min.

Samples 450μm thick, displayed yet a different solidification behavior. At cooling rates less than
150◦C/min an array of dendrites formed ahead of the progressing solid/liquid interface. Figure 2.30
depicts the solidification microstructure of a 450μm thick Alloy A sample, cooled at rates of
20◦C/min and 75◦C/min respectively. Regardless of the cooling rate and during progression of the
interface, an array of dendrites formed ahead of the progressing interface.
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Figure 2.30 Solidification microstructure showing the formation of dendrites ahead of the solid/liquid
interface in 450μm thick samples of Alloy A. The cooling rates are (a) 20◦C/min and (b) 75◦C/min.

These dendrites which will be referred as “bulk dendrites” are orientated such that their primary
arms are underneath the free surface and their secondary and ternary arms hitting the free surface
in the melt pool.

Figure 2.30(a) also shows that bulk dendrites are formed ahead of the surface solid/liquid interface
while the interface on the surface is still planar. Therefore, bulk dendrites are not formed as a result
of the diffusional conditions and the driving forces of temperature gradient and cooling rate at the
free surface, but their formation is driven by thermal and diffusional conditions in the bulk of the
specimen. Figure 2.31 schematically illustrates the cross section of samples with different
thicknesses, showing the solid/liquid interface shape in the bulk.
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Figure 2.31 Schematic cross section of samples showing the solid/liquid interface shape in the bulk.

In the LSCM setup, the top and bottom of the specimen are the hottest parts, where the incident
light beam is focused. Consequently the centre point between these two surfaces has a relatively
lower temperature. In thin (150µm thick) samples, the solid/liquid interface in the bulk is
approximately linear as shown in Figure 2.31(a). By contrast and due to the higher rate of heat
extraction into the solid in thicker samples (450µm thick), the interface in these samples forms a
convex shape as illustrated in Figure 2.31(c). As the sample thickness increases, a component of the
heat is extracted at an angle to the planar solid/liquid interface and a temperature gradient is
established in the thickness direction. Hence, the lower temperature in the sample bulk with respect
to the surface favors destabilization of the solid/liquid interface, before the interface on the free
surface is perturbed. The degree to which these events occur in the bulk is schematically illustrated
in Figure 2.31 by the values of X1 and X2 , where X1 and X2 are the maximum distance between the tip
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of a solid/liquid interface in the bulk interface and in the surface. The interpretation provided in
Figure 2.31 could be confirmed when compared to the formation of bulk dendrites in 450µm thick
samples previously shown in Figure 2.30. The bulk dendrites shown in Figure 2.30 appeared at a
greater distance from the interface on the surface than the solidification islands in 250µm thick
samples in Figure 2.29.

To further investigate the effect of cooling rate on the solid/liquid interface transition observed on
the surface, Alloy A samples were cooled at varying rates of up to 520◦C/min and the initial pool
radius (R0) and the pool radius at the moment of planar to cellular transition (Rp) were measured.
Figure 2.32 quantitatively depicts the movement of the initial planar interface at varying cooling
rates, before it is transformed into a cellular structure in 150µm and 250µm thick samples. The
interface movement is measured by the difference between the initial pool radius (R0) and the pool
radius at the moment of planar to cellular transition (Rp).
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Figure 2.32 Movement of the initial planar interface before transformation into a cellular structure in 150µm
and 250µm thick samples at varying cooling rates, showing the difference between the initial pool radius
and the pool radius (R0) at the moment of planar to cellular transition (R p).

According to Figure 2.32, the interface has to move a minimum distance before it is transformed into
cellular structures. This distance, which is attained at cooling rates higher than 100◦C/min is
approximately 131μm. Size of the concentrated light beam on the specimen surface is approximately
2mm in radius. The pool radius at the moment of planar to cellular transition (Rp) at the cooling rate
less than 100K/min was therefore very close to the region of concentrated beam, where the
temperature is approximately uniform and the temperature gradient close to zero.
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Starting with a liquid pool with a radius of 3.00±0.15mm, Alloy A samples were cooled at rates that
varied between 20 to 520K/min. Figure 2.33 shows a cellular microstructure with the cell spacing of
35µm obtained in Alloy A, cooled at a rate of 130◦C/min.

Figure 2.33 The cellular solid/liquid interface in Alloy A

In order to provide the extreme conditions for the cell to dendrite transition (CDT) to occur, the
samples were cooled at the rate of 1◦C/min to a pool size of less than 2mm in diameter where the
temperature gradient is near zero. Subsequently, the furnace power was temporarily turned off to
gas-quench the sample and to impose the maximum rate of cooling during the liquid to delta-ferrite
phase transformation. By gas-quenching the sample, the planar interface transformed into a
dendritic microstructure. Figure 2.34 depicts the resulting solidification microstructure, showing the
initial pool size and the CDT occurrence.
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Figure 2.34 The cellular to dendritic transformation in a 450µm thick sample of Alloy A, cooled at a rate of
2500◦C/min.

The cooling rate during the temporary gas-quenching period was subsequently measured from the
data collected by the thermocouples, showing a temporary cooling rate of 2500◦C/min. The
combination of minimum temperature gradient and maximum cooling rate resulted in the
occurrence of CDT on the surface of Alloy A samples. This transition occurred in a fraction of a
second and resulted in the dendritic morphology depicted in Figure 2.35.

Figure 2.35 Dendritic delta-ferrite microstructure observed in a 450µm thick sample of Alloy A, cooled at a
rate of 2500◦C/min.
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Figure 2.35 shows the delta-ferrite primary dendrites arms developing along the G1 direction. The
dendritic microstructure depicted in Figure 2.35 seems to have formed as a result of the
temperature gradient on the surface of specimen (G1) and therefore is different in origin than the
bulk dendrites which formed due to the temperature gradient in the thickness direction. In Figure
2.35 the primary and secondary arm spacings are 128µm and 50µm respectively.

When the dendritic delta-ferrite microstructure was further cooled to room temperature, it
transformed into austenite and later into ferrite. Figure 2.36 shows the grooves of the austenite
grain boundaries triple point as well as a ferrite triple point formed on the prior delta-ferrite
dendritic pattern.

Figure 2.36 Grooves of the austenite grain boundaries triple point on the left and a ferrite triple point on the
right, formed on the prior delta-ferrite dendritic pattern in an Alloy A sample. The sample thickness is
450µm.
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2.4.2.

Solid/liquid interface kinetics

A liquid pool with a diameter of 3.00 ±0.50mm was established upon heating Alloy A samples.
Samples were then cooled at rates that varied between 100◦C/min to 520◦C/min, while the
solid/liquid interface was tracked during its movement. Subsequently, the interface velocity was
measured at the onset of planar to cellular interface transition. Figure 2.37 shows an example of the
interface tracking at the onset of planar to cellular transition in Alloy A, where the cooling rate was
100◦C/min.

Figure 2.37 The solid/liquid interface in Alloy A cooled at a rate of 100◦C/min, at the onset of planar to
cellular transition. The bottom row images are the reproduction of the top row images.
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Figure 2.38 shows the solid/liquid interface position and the velocity measurements during the
planar to cellular transition at the cooling rates of 100◦C/min and 520◦C/min.

Figure 2.38 The solid/liquid interface position and the average velocity of the solid/liquid interface during
the planar to cellular transition. The cooling rates (CR) are 100 and 520(◦C/min).

To measure the average temperature gradient at the solid/liquid interface, a liquid pool with a
radius of 3.5mm was established. The temperature was reduced with a rate of 1◦C/min and the
interface position was measured every minute at each temperature drop. Figure 2.39 shows the
position of the interface during the cooling of an Alloy A sample.
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Figure 2.39 Measuring the average temperature gradient for the pool sizes between 3.5mm and 2.0mm in
radius.

The slope of the line in Figure 2.39 is the average temperature gradient at the solid/liquid interface
for the pool sizes between 3.5mm and 2mm in radius, which is around 2.0◦C/mm.

2.4.3.

Instability of the solid/liquid interface in Group B alloys

Unlike Alloy A which was produced with minimal solute elements, in Group B samples various
amounts of substitutional alloying elements (most notably manganese and copper) were
deliberately added to investigate their effect on the solid/liquid interface instability. The
composition of samples in Table 2-2 is reproduced in Table 2-6 to emphasize the main alloying
element present in Group B samples.

54

Table 2-6 The chemical composition of Group B samples showing the main alloying elements in wt%.
Specimen

C

Cu

Mn

B1

0.051

0.06

1.10

B2

0.059

0.13

0.98

B3

0.028

0.29

0.94

Group B samples were cut into disks with a diameter of 9mm. After experimenting with different
sample thicknesses, 250µm was chosen as the minimum thickness for conducting concentric
solidification experiments on Group B alloys. Due to the addition of copper and manganese, the
solid/liquid interfacial energy of the alloys was reduced and therefore, the melt pools repeatedly
ruptured when thinner specimens were used.

After establishing a pool size of 3.80±0.15mm in radius, samples of Group B were cooled at the rates
of 5◦C/min to 100◦C/min. Unlike 250μm thick samples of Alloy A, the planar to cellular transition in
Group B samples always started at the free surface with the perturbation wave initiating at the
delta-ferrite grain boundaries or sub boundaries. The initial wave then propagated along the
interface, forming a cellular pattern. Figure 2.40 shows an example of the planar-to-cellular
transition in B2 sample cooled at a rate of 5◦C/min.
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Figure 2.40 Planar-to-cellular transition during solidification of B2 sample at a rate of 5◦C/min. Sample
thickness is 250µm.

After the planar interface on the surface developed into a cellular structure, bulk events occasionally
started to appear in form of a planar/cellular transition ahead of the interface on the free surface.
Figure 2.41 shows an array of cellular grains, which originated in bulk and reached the free surface.
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Frame (a) is alloy B2, cooled at the rate of 20◦C/min, while frame (b) is alloy B1 cooled at the rate of
30◦C/min.

Figure 2.41 Planar-to-cellular transition of the interface in Group B alloys, showing (a) alloy B3 cooled at a
rate of 20◦C/min and (b) alloy B1 cooled at a cooling rate of 30◦C/min. Sample thickness is 250µm.

In Group B alloys, the distance the planar interface progressed before it became unstable was
reduced at increased cooling rates as shown in Figure 2.42. This behavior is similar to that observed
in Alloy A. There appears to be a minimum distance the planar interface has to move before it
transforms into a cellular pattern. This minimum length, which is found at higher cooling rates, is
about 110μms.

Figure 2.42 The effect of cooling rate on the instability of the planar solid/liquid interface in samples of
Group B. R0 is the initial pool radius and Rp is the pool radius at the moment of planar/cellular transition.
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Unlike Alloy A, cooling rate had a significant effect on the spacing of the cellular structures in Group
B alloys. For instance, the effect of cooling rate on the cellular spacing of Group B1 alloy is illustrated
in Figure 2.43.

Figure 2.43 The effect of cooling rate on the spacing of cellular grains in samples Group B1. The cooling rates
are (a) 10◦C/min (b) 50◦C/min and (c) 100◦C/min.
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Figure 2.43 shows that at increased cooling rates the cell spacings of Group B1 samples are reduced.
The added copper and manganese in Group B alloy alters both the solute segregation and the
solid/liquid interfacial energy of the base alloy. The difference in the cooling rate dependence of the
cellular spacing of the Alloy A and Group B alloys may therefore be attributed to the compositional
differences between Alloy A and Group B alloys. In order to further investigate the effect of
compositional differences on cellular arm spacings, alloys of Group B with varying copper additions
were cooled at varying rates and the spacing of the resulting cellular microstructures compared in
Figure 2.44. Cooling rates of 10◦C/min and 100◦C/min respectively were applied and the initial pool
radii were in the range of 3.80±0.15mm.
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Figure 2.44 The effect of cooling rate and copper concentration on the spacing of cellular grains in Group B
alloys. The copper content of alloys B1, B2 and B3 are 0.0577, 0.134 and 0.288(wt)% respectively.

Figure 2.44 shows firstly that there is a significant decrease in cellular spacing at an increased cooling
rate. Secondly, the cellular spacing is increased at increased copper concentrations.

2.4.4.

Isotropic solid/liquid interfacial energy

It was previously shown [49] that the solid/liquid interfacial energy can be calculated from the shape
of the grain boundary at the solid/liquid interface, using Equation 2.7.
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Eq. 2.7

∆Tγ is the curvature undercooling, ∆S* is entropy of fusion per unit volume, σSL is the interfacial
energy between solid and liquid, n is the interface normal and k1 and k2 are principal curvatures.
Assuming an isotropic solid/liquid interfacial energy when a grain boundary intersects a planar
interface, Equation 2.7 reduces to [49]:

  rTr 

 SL
S *

Eq. 2.8

Equation 2.8 is the Gibbs-Thomson equation for a curved interface with isotropic solid/liquid
interfacial energy where the  factor is the Gibbs-Thomson coefficient and r is the radius of grain
boundary groove as illustrated in Figure 2.45.

Figure 2.45 Grain boundary groove at equilibrium in the solid/liquid interface. [49]
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To investigate the effect of copper on the solid/liquid interfacial energy, the following procedure
was followed:

The samples were heated at a rate of 100◦C/min to 1300◦C and then further heated at the rate of
1◦C/min until a liquid pool with a radius of 3.8±0.1mm was achieved. The corresponding
temperature to the pool radius of 3.8±0.1mm was recorded as a reference temperature (TR) at which
the samples were kept for 2 minutes. The samples were then once cooled to 1◦C below the
reference temperature and once heated to 1◦C above the reference temperature and the resulting
pool sizes were precisely measured. Figure 2.46 shows the measured pool radiuses during this
process. The slope of the line in Figure 2.46 is the average temperature gradient at the solid/liquid
interface for the pool radius of 3.8±0.1mm. The measured temperature gradient is 7.8◦C/mm.

Figure 2.46 Calculating the temperature gradient at the solid/liquid interface for the pool size of 3.8±0.1mm.
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Alloys of Group B consisted of traceable amounts of copper and manganese. To investigate the
effect of copper alone on the solid/liquid interfacial energy, measured amounts of pure copper were
placed on Alloy A samples, prior to heating in the confocal chamber. The weight ratio of the pure
copper to the sample disk was precisely measured. Upon heating the samples, copper melted and
dissolved in Alloy A and produced an alloy with 1(wt%) copper.

Figure 2.47 shows equilibrium shape of the delta-ferrite grain-boundary grooves at the solid/liquid
interface in (a) Alloy A and (b) Alloy A with 1(wt)% copper. The radii of grain boundary grooves were
measured from Figure 2.47. The curvature undercooling was also calculated from the measured
curvature depth in Figure 2.47 and from the measured temperature gradient at the interface in
Figure 2.46. The other required data for the calculation of interfacial energies is the entropy of
fusion. Table 2-7 shows the entropy of fusion of delta-ferrite steel and pure copper. In Alloy A, the
entropy of fusion of the delta-ferrite phase is 1.07E-06 J/m3◦C [11]. Since the entropy of fusion of
pure copper is close to pure iron (entropy of fusion of copper is 1.2E-06 J/m3◦C [8]) and only 1(wt)%
copper was added to Alloy A, we assumed that the entropy of fusion in the Fe-0.05(wt)%C-1(wt)%Cu
alloy is equal to the entropy of fusion of Alloy A.
Table 2-7 Values for entropy of fusion [11]

Parameter

δ-Fe

Cu

Entropy of fusion (J/m3◦C)

1.07E-06

1.2E-06
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Figure 2.47 Grain boundary groove at equilibrium in the s/l interface (a) Fe-0.05(wt)%C and (b) Fe0.05(wt)%C-1(wt)%Cu.

The pool radii in Figure 2.47 are identical at 3.8mm, where the temperature gradient is 7.8◦C/mm.
Figure 2.47 shows that when copper is added to the system, the radius of the curvature is increased
from 5.91μm to 6.75μm. Using Equation 2.8, the Gibbs-Thomson coefficients and the solid/liquid
interfacial energies of the studied alloys are calculated. The calculations are shown in Table 2-8.
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Table 2-8 The effect of 1(wt)% copper addition on the solid/liquid interfacial energy of Alloy A. Experimental
data extracted from Figure 2.47
Alloy Composition
(wt)%

r (mm)

h (mm)

∆Tγ (◦C)

 (◦C mm)

σSL (J/mm2)

Fe-0.05C

5.91E-03

4.1E-03

3.2E-02

1.89E-04

2.02E-07

Fe-0.05C-1Cu

6.75E-03

3.3E-03

2.6E-02

1.76E-04

1.88E-07

Table 2-8 shows that when 1(wt)% copper is added to the system, the surface tension of Alloy A is
reduced from 2.02E-07 J/mm2 to 1.88E-07 J/mm2. The calculated interfacial energy of Alloy A is very
close to the liquid/delta-ferrite interfacial energy of 2.04E-07 J/mm2 reported in the literature [11].
The minimal differences could be attributed to the fact that, although the addition of carbon does
not change the interfacial energy of pure iron, carbon potentially raises the activity of sulphur in
steel which consequently reduces the interfacial energy of the system [50]. The measured GibbsThomson coefficient in Alloy A also shows a good match with the reported Gibbs-Thomson
coefficient of delta-ferrite steel in literature [11], at 1.91E-04◦C mm.
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2.5



Conclusions

Solidification in steel occurs at temperatures as high as around 1500◦C. Real-time
observation of steel solidification is beyond the current capabilities of the conventional
Bridgman-type furnace design and the traditional directional solidification technique. A hightemperature laser-scanning confocal microscopy was therefore utilized to make in-situ
observations of the planar to cellular to dendritic solidification in steel. Using concentric
solidification technique a stretched liquid surface was obtained and the solidification
observations were greatly enhanced.



Surface observations in a high-temperature laser-scanning confocal microscopy can be used
to study bulk solidification events as long as the specimen is thin enough. Bulk effects began
to influence the surface observations when the specimen thickness exceeded 150µm.
Increasing the sample thickness resulted in the transition of solid/liquid interface in the bulk
in form of occasional cellular structures in 250µm thick samples and dendritic structures in
450µm thick samples.



The planar to cellular transition could result in the formation of inter-cellular Microporosities. These porosities are formed at the intercellular liquid region and at the onset of
planar to cellular transition.



At the cooling rates less than 150◦C/min, cooling rate had little influence on the cellular
spacing of Fe-0.05(wt)%C alloy, which was approximately 35µm. When copper and
manganese were added to the alloy, the cooling rate had a significant effect on the cell
spacing. In Alloy B1 Where cooling rate increased from 10◦C/min to 100◦C/min, the cellular
spacing decreased in 53µm to 23µm.
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An increase in the copper concentration resulted in an increased cell spacing. For instance at
the constant cooling rate of 100◦C/min, when the copper concentration increased from
0.06(wt)% to 0.29(wt)%, the cellular spacing increased from 23 to 39µm.



At increased cooling rates, the distance the planar interface moved before it was
transformed into cellular structures was reduced. There is a minimum length that the planar
interface has to travel before it is transformed into a cellular structure.



The isotropic solid/liquid interfacial energies and the Gibbs-Thomson coefficients were
measured from the equilibrium shape of the delta-ferrite grain-boundary grooves at the
solid/liquid interface. The measured values in Fe-C and Fe-C-Cu alloys were benchmarked
against the data available in literature, showing a close match. It was found the adding
1(wt)% copper reduces the solid/liquid interfacial energy of the base-alloy from 2.02E-07
J/mm2 to 1.88E-07 J/mm2 and reduces the Gibbs-Thomson coefficient from 1.89E-04◦C mm
to 1.76E-04◦C mm.
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CHAPTER 3

Phase-field model of solidification in low carbon

steel

3.1

Introduction

Over the past decades, a range of computer simulation techniques have been developed in order to
describe and model solidification events in metallic materials. Simulation techniques in conjunction
with experimental methods are increasingly adding to our understanding of solidification
phenomena. Likewise, the computational thermodynamics and kinetics databases are developing
parallel to the simulation field, progressively providing more accurate inputs for simulations.
Nevertheless, the simulation science in materials engineering is still in an unfulfilled state in the
practical domain. Figure 3.1 depicts some of the recent simulation techniques and the regions in
which they are applicable.
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Figure 3.1 Comparing the length scales and applications of current methods of cast simulations. [1]

The phase-field model which is used in this study is a mathematical model for the simulation of
microstructural evolution during solidification and solid-state phase transformations. The simulation
software, MICRESS essentially provides a mathematical solution to the coupled partial differential
equations of free energy minimization and diffusion. A MICRESS software version 5.25 was used to
perform simulations in the present study.

Solidification is fundamentally a non-equilibrium process consisting of internal interactions between
non-uniform thermal fields and concentration fields. To describe solidification, these non-uniform
fields need to be properly defined and coupled; hence, the phase-field method essentially defines
these fields separately and subsequently couples them as a whole. [1]
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3.2

Literature Review

3.2.1.

Phase-Field Theory

Phase field models were initially introduced by Fix [2] and Langer [3]. The early models were
originally proposed for the simulation of dendrite growth in undercooled melts [4-7]. Applications of
the model then broadened to cover areas such as solidification dynamics [8-19] and phase
transformations [20-25] for a wide variety of materials such as steels, Ni based alloys, super alloys
[26-29] and recently nano-materials [30]. Today, the phase field model is able to simulation diverse
phenomena such as deformation and fracture [31-33] and even sintering [34-35].

Simulations of solidification were conducted using MICRESS, a multi-component multi-phase
commercial simulation package based on the multi phase-field model proposed by Steinbach et al.
[36]. In the proposed model, the microstructural formation is predicted by a combination of phase
field equations and diffusion solver equations and it takes into account the thermodynamics of the
system.

3.2.1.1 Phase-field method

Imagine the growth of an austenite grain on a delta-ferrite matrix. In this example, three different
regions are present: austenite grains, delta-ferrite matrix and the interface between these two
phases. Phase field assigns two distinct values or order parameters of for instance 0 and 1 in each of
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the phases. A system consisting of N grains as shown in Figure 3.2 is described by a set of N order
parameters, φi(r,t). [20]

Figure 3.2 Phase field parameters values describing a multi component system (left), Phase field values
along the A-A section showing a diffuse interface (right). [20]

Order parameters or phase-field parameters consist of physical properties of the phases which are
solved by a set of kinetic equations similar to Equation 3.1 to predict the microstructural
development with time. [20]









i r , t    ij  ij i  2 j   j  2i 
j

2
i   j    i j Sij Tij  Eq. 3.1
2
2
 


In Equation 3.1,  ij is the interfacial energy between i and j phases,  is the interface thickness,

S ij is the entropy of fusion, Tij is the equilibrium undercooling and ij is the inherent mobility of
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interface. The interface mobility defines the solid/liquid interface velocity at a given driving force or
curvature.
In phase-field models, the interface by definition is defined as a region of finite thickness and its
evolution is controlled by a number of boundary conditions. Interface is mathematically entered in
the model by a set of partial differential equations consistent with the diffusion mechanism during
transformation in a finite thickness condition. Figure 3.3 shows two common approaches to
formulate the boundary conditions of the interface. The diffuse interface adopts a continuous
change between assigned values of 0 and 1 [37]. Sharp interface on the other hand is based on the
assumption that  →0. In a sharp interface the correct interfacial dynamics are recovered [39] and
thus frequently applied in the modelling of phase transformations close to equilibrium.

Figure 3.3 Sharp interface and diffuse interface. [38]
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3.2.1.2 Diffusion solver

Solute diffusion is combined with the free energy function in order to determine the kinetics of the

CA
 ( DA CA )
phase transformation. The diffusion of element A in phase α is given by
t
where D is the diffusivity of the given element in the given matrix. When two phases of α and β are
in contact, it is assumed that the crystal structure changes from α-phase to the crystal structure of β
phase at the interface. The phase field equations are then coupled with the diffusion equation as
defined in Equation 3.2. Diffusion of element A in a system consisting of α and β phases is expressed
as [20]:



C A
  i DA CA  (1  i ) DA C A
t



Eq. 3.2

Where DA is diffusivity of the element A in phase α and D A is the diffusivity of element A in phase
β. The interface is the superposition of two bulk phases (or 3 bulk phases at a triple-point). Within
the interface region, the total composition is split between phase compositions.

c total   c    c 

Eq. 3.3
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The split of total composition ( c

total

) into phase compositions is done according to a parallel

tangent construction based on the Gibbs-energies of the bulk phases. [40]
Figure 3.4 is an example of a system consisting of austenite and ferrite and one solute component,
carbon. Figure 3.4 shows the concentration of carbon in austenite, ( C C with black dots),
concentration of carbon in ferrite, ( C C with small white dots), and carbon concentration at the
interface of η thickness between the phases. The overall carbon concentration calculated with
MICRESS code, C c and the values of phase-field parameters is the three regions is also shown. [20]

Figure 3.4 Concentration profile of carbon in austenite, ferrite and at the interface between the phases. The
C
figure also shows the overall carbon concentration (C ) calculated by MICRESS. [20]
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3.2.1.3 Thermodynamics (Energy scale)

The equilibrium solute concentrations are entered into the code by linearizing the phase-boundary
lines of the phase diagrams. Phase diagrams are calculated with the Thermo-Calc software which is
able to calculate complicated multi-component phase diagrams for many different types of ferric
and non-ferric alloys. Calculations of phase diagrams in ThermoCalc are based on thermodynamic
databases produced by evaluation of experimental data using CALPHAD method [41].

A set of phase-field equations are then solved at specific time frames, aiming on the reduction of the
total free energy of the system, ƒ. Equation 3.4 shows the free energy minimization function of
phase-field method [20].

d i
1 f
  ij
dt
i
j i

Where



Eq. 3.4

di
shows the evolution of order parameters over time, τij is the frictional coefficient and
dt

f
is the thermodynamic force towards equilibrium.
i
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3.3

Modeling Methodology

The solid-liquid interface instability in low-carbon steel was studied experimentally as reported in
Chapter 2. In this chapter, interface instability of low carbon steel is modeled in order to reproduce
the planar to cellular to dendritic transition of the interface in low-carbon low-alloyed steel of Alloy
A, using MICRESS multi phase-field code. Composition of Alloy A was shown previously in Table 2-2.
Within the solid/liquid interface instability model, the conditions of temperature gradient and
cooling rate can be extended beyond the limiting conditions of the LSCM. The instability of the
solid/liquid interface is subsequently modeled at varying temperature gradients of up to 100◦C/mm
and cooling rates as high as 1000◦C/min. Additionally, the MICRESS phase-field code is capable of
modeling the solute segregation at different stages of interface transition which adds to our
understanding of the pattern formation during solidification.

The methodology behind the interface instability model consists of a series of input/respond cycles.
Firstly, a “Basic Model” is established based on the alloy’s thermodynamic data extracted from the
phase-diagram, diffusion coefficient of solute elements from the literature and the alloy solid/liquid
interfacial energy measured experimentally in the previous Chapter. The “Basic Model” is then
refined a number of times by changing the fitting parameters until a satisfactory “Standard Model” is
obtained. The interface mobility was treated as a fitting parameter in the model. In order to grain
information about the interface mobility, the solid/liquid interface velocity was compared in the
model with the experimentally measured velocity of the interface at the initial planar to cellular
transition stage.
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The modeling methodology for the simulation of solidification microstructure in low carbon steel is
shown in Figure 3.5.

Experiment

ThermoCalc

Simulation

LSCM

Literature
Change fitting

Basic
Model

parameters

N

Check

Validation

Y

Standard Model

Figure 3.5 Modeling methodology for the simulation of solidification microstructure in low carbon steel.

The simulation domain was selected in a manner to replicate the concentric solidification
experimental setup in the LSCM. Figure 3.6 shows the selection of simulation domain and its
correspondence to the concentric solidification experiments in the LSCM.
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In the concentric solidification experiment, the solute segregation in liquid ahead of the interface
continuously increases at lower pool sizes. The boundary condition in the simulation domain was
however defined as a moving frame, where the simulation domain moves according to movement of
the solid/liquid interface. By choosing a moving frame, the “closed system” problem was eliminated
in the solidification model.

Figure 3.6 Simulation domain and its correspondence to the concentric solidification experiment.

In Chapter 2 it was discussed that instability of the solid/liquid interface is controlled by the
conditions of temperature gradient (G), growth rate (V) and alloy composition (C0). The first aim of
MICRESS phase-field simulations was to investigate the effect of temperature gradient on the
transition of planar solid/liquid interface. It was also discussed that in the concentric solidification
experiments, temperature gradient ahead of the solid/liquid interface continuously increases during
solidification. This continuous increase of temperature gradient is due to higher extraction of heat
from the solid delta-ferrite rim at lower pool sizes. In the solidification model, however it is possible
to apply a constant temperature gradient across the solidification domain similar to the directional
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solidification studies in Bridgman-type furnaces. Therefore in the solidification model, constant
temperature gradients of 2, 20 and 100◦C/mm were applied on the simulation domain.

Moreover, it was discussed that in a Bridgman-type furnace it is possible to control the solid/liquid
interface velocity by moving the solidification domain. In the solidification model presented in this
chapter, instead of controlling the interface velocity, the cooling rate is controlled. This is in a similar
vein with solidification scenarios in concentric solidification experiments, where the LSCM furnace
can be cooled at controlled rates. Therefore, the effect of cooling rates of 20, 200, 1000◦C/min on
the transition of planar solid/liquid interface was studied in the presented model. At controlled
cooling rates and temperature gradients, the interface velocity can then be measured in the
solidification model.

The grid spacing of the simulation domain needs to be small enough to reduce the numerical errors
due to coarse grid spacing. At the meantime, decreasing the grid spacing increases the
computational time of the simulation. After experimenting with different grid sizes, the optimum
size is created as depicted in Table 3-1.

Table 3-1 The grid dimension of the simulation domain
Cell size
(µm)

X axis grid
size (Cells)

Y axis grid
size (Cells)

X axis grid size
(µm)

Y axis grid size
(µm)

Interface
thickness
(Cells)

1

400

800

400

800

3
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The phase diagram of the Alloy A alloy was constructed in ThermoCalc software. To enter the phase
diagram into the MICRESS code, the liquidus and solidus lines were linearized. Each linearized line
was described by a reference temperature (T0), solute concentration at the reference temperature
(C0) and the slopes of the phase boundaries (liquidus and solidus lines). With the linearized phase
diagrams, phase fractions and solute concentration at equilibrium condition can be calculated for
any given temperatures. Table 3-2 shows the thermodynamic data, describing the liquid/deltaferrite phase transformation in Alloy A.

Table 3-2 Thermodynamic data describing liquid to delta-ferrite phase transformation in Alloy A

Value

Reference

T0 reference
temperature

1537.8◦C

C0 (L) carbon

0 wt%

C0 (δ) carbon

0 wt%

m (L) carbon

-83.00◦C/wt%

m (δ) carbon

-488.00◦C/wt%

Entropy of
transformation of δFe

1.07E+06 J/m ◦C

3

ThermoCalc

Parameter

[42]

Figure 3.7 shows the simulation domain (at t=0s) and the alloy phase diagram. The initial
microstructure is consisted of three delta-ferrite grains, liquid and a planar solid/liquid interface. In
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order to establish an equilibrium condition, carbon concentrations in the liquid and delta-ferrite
phases at a given interface temperature (Ti) were extracted from ThermoCalc. Additionally, the
equilibrium fractions of solid and liquid phases at Ti temperature were also measured using lever
rule and ThermoCalc and were entered in the model.

Figure 3.7 The model for initial planar solid/liquid interface in Fe-0.05(wt)%C system, showing three deltaferrite grains in contact with liquid.

Subsequently, the temperature at the bottom of the simulation domain (TB) was calculated, having
the temperature of the interface (Ti) and the temperature gradient across the simulation domain
(G). By entering equilibrium values of the carbon concentration in solid ( X S ) and liquid ( X LC ) at a
C

given interface temperature (Ti), fractions of solid/liquid and temperature at the bottom of the
simulation domain, an equilibrium condition is established. Consequently, the planar interface
remains stationary at given temperature gradients of (G) and prior to cooling. Table 3-3 shows the
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thermodynamic data extracted from ThermoCalc and the calculated temperature at the bottom of
the domain for establishing an equilibrium two-phase microstructure with a planar solid/liquid
interface at t=0s.

Table 3-3 Thermodynamic data for modeling an equilibrium two-phase microstructure with a planar
solid/liquid interface at t =0s

Ti (◦C)

1530.2

C SC (wt)%

0.014

C LC (wt)%

0.083

Fraction of
solid

0.484

Fraction of
liquid

0.515

length of
simulation
domain (µm)

800

G
(◦C/mm)

TB (◦C)

2

1529.4

20

1522.4

100

1491.4

Microstructural development in MICRESS is defined by both the free energy minimization and the
diffusion-solver equations. Diffusion coefficients of carbon in liquid and delta-ferrite phases were
therefore incorporated in the model. The values of the diffusion coefficients of carbon in liquid and
delta-ferrite were taken from the literature as shown in Table 3-4. The interfacial energy between
liquid and delta-ferrite phases is also crucial, defining morphological stability of the solid/liquid
interface. The solid/liquid interfacial energy of Alloy A alloy was calculated experimentally as was
shown in Chapter 2. Table 3-4 shows the remaining diffusion coefficients and the solid/liquid
interfacial energy values in Alloy A.
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Table 3-4 Data for the diffusion coefficients and the solid/liquid interfacial energy

Parameter

Value

Reference

Diffusion of C in (L)

2.0E-08 m /s

Diffusion of C in (δ)

3.95E-09 m /s

σL/δ

202E-03 J/m

2

[24]
2

2

Chapter 2

The interface mobility in the model was treated as a fitting parameter. In Chapter 2 the interface
velocity was experimentally measured at the onset of planar to cellular transition. Figure 2.38
showed the measured interface velocity at the cooling rates of 100◦C/min and 520◦C/min, where the
temperature gradient was 2.0◦C/mm. In the Basic model, the similar conditions of cooling rates and
temperature gradient where applied and the interface velocity at the onset of the planar to cellular
transition was measured. The Kinetic coefficient between liquid and delta-ferrite phase in the model
was set at 1.0E04mm4/(Js) so the interface velocity follows a similar behaviour to the experimental
observations. Figure 3.8 shows the comparison between the experimentally measured and the
simulation of the solid/liquid interface velocity at the onset of planar to cellular transition.
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Figure 3.8 A comparison between the experimentally measured and the simulation of the solid/liquid
interface velocity at the onset of planar to cellular transition.

The boundary conditions of the phase-fields and the alloying element concentrations at the
boundaries of the simulation domain are shown in Table 3-5.

Table 3-5 boundary conditions of the phase-field and concentration field in each direction of the simulation
domain
Boundary conditions for phase field in each direction
East

West

Bottom

Top

Periodic

Periodic

Insulation

Insulation

Boundary conditions for concentration field in each direction
East

West

Bottom

Top

Periodic

Periodic

Insulation

Insulation

86

3.4

Results & Discussions

3.4.1.

Cooling rate effect in the solidification model of low carbon steel

Model prediction of the effect of cooling rate on the stability of the planar solid/liquid interface is
shown in Figure 3.9. At varying cooling rates and constant temperature gradient of 2◦C/mm, the
primarily planar interface became unstable and developed perturbations as depicted in Figure 3.9.

Figure 3.9 Solidification model of Alloy A showing the moment of planar/cellular transition. The
temperature gradient is constant 2◦C/mm. Cooling rates are (a) 20◦C/min, (b) 200◦C/min and (c)
1000◦C/min.

Figure 3.9 shows that the perturbation wave initiated at the delta-ferrite grain boundaries at the
solid/liquid interface, which is a similar behavior to the experimental observations made in Chapter
2. Figure 3.9 also shows that the frequency of the perturbation wave increased at increased cooling
rates.

As described in the previous chapter, the criterion that determines whether a stable planar interface
remains stable upon solidification or transforms into cellular/dendritic structures is the
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constitutional supercooling. The constitutional supercooling criterion arises as a result of solute pileup ahead of the solid/liquid interface. Figure 3.10 shows the effect of cooling rate on the carbon
concentration profiles in the delta-ferrite and liquid at the onset of interface instability in the model
of Alloy A. The carbon concentration profiles at the vertical AA’ scan lines are plotted in the
accompanying graphs in Figure 3.10. The temperature gradient is constant at 2◦C/mm while the
cooling rates are: (a) 20◦C/min, (b) 200◦C/min and (c) 1000◦C/min.
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Figure 3.10 Carbon concentration profile in the delta-ferrite and liquid at the onset of planar to cellular
transition in the model of Alloy A. The cooling rates are (a) 20◦C/min, (b) 200◦C/min and (c) 1000◦C/min. The
temperature gradient is constant 2◦C/mm.
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Figure 3.10 uses a color code to quantitatively show that carbon pile-up ahead of the solid/liquid
interface. It appears that the cooling rate directly affects the carbon segregation profile. At the onset
of planar to cellular transition, the carbon concentration gradient in the liquid ahead of the interface
increased from 0.1(wt)%C/µm in Figure 3.10(a) to around 0.4 and 1.2(wt)%C/µm in Figure 3.10(b)
and Figure 3.10 (c) respectively.

It is also possible to calculate the diffusion length in the model presented in Figure 3.10. The
diffusion length is defined as D/V, where D is diffusivity and V is the interfacial velocity. Velocity of
the interface at the onset of the planar to cellular transition was measured in Figure 3.10. Having the
diffusion coefficient of carbon in liquid (2.0E-08 m2/s), the diffusion length of carbon in liquid was
calculated as shown in Figure 3.11.

Figure 3.11 Diffusion length of carbon in liquid at the onset of planar to cellular transition in Alloy A. The
temperature gradient is 2◦C/mm and the cooling rates of (a) 20◦C/min, (b) 200◦C/min and (c) 1000◦C/min.
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The initial perturbation waves depicted in Figure 3.10 destabilized the planar interface and
developed cellular and dendritic structures. After 20 seconds, at a constant temperature gradient of
2◦C/mm and cooling rate of 20◦C/min, the planar interface developed into the cellular structure
shown in Figure 3.12(a). At higher cooling rates of 200◦C/min and 1000◦C/min, the model however
predicted a solidification microstructure which consisted of an array of dendrites.

In Figure 3.12(c) where the cooling rate was 1000◦C/min, the ternary arms branched from the
secondary arms. Further development of the ternary arms into new primary arms was however
inhibited. For instance at the DD’ dashed line (1mm from the position of the initial planar interface)
the further growth of ternary arms were blocked by the secondary arms. It was also evident that due
to the increased interface velocity at increased cooling rates, the solidification front in Figure 3.12(b)
reached the DD’ dashed line at t=1.5s while in Figure 3.12(c) this distance is reached at t=0.5s.
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Figure 3.12 The effect of cooling rate on the solidification microstructure in the model of Alloy A. The
temperature gradient is constant 2◦C/mm and the cooling rates are (a) 20◦C/min, (b) 200◦C/min and (c)
1000◦C/min. The DD’ line is 1mm from the initial planar solid/liquid interface.

Carbon segregation in the interdendritic liquid was studied in the dendritic microstructures shown in
Figure 3.12. Figure 3.13 shows the carbon concentration profile at EE’ and FF’ dashed lines. The
temperature gradient is constant 2◦C/mm and the cooling rates are (a) 200◦C/min and (b) 100◦C/min.
The dendritic patterns shown in Figure 3.13 are both 1mm ahead of the initial planar interface.

92

Figure 3.13 Carbon concentration gradient at varying cooling rates in the model of Alloy A. The temperature
gradient is constant at 2◦C/mm and the cooling rates are (a) 200◦C/min and (b) 1000◦C/min.

In Figure 3.13(a) there is very little to none interdendritic carbon concentration gradient along the EE’
line. Increasing the cooling rate from 200◦C/min in Figure 3.13(a) to 1000◦C/min in Figure 3.13(b)
resulted is an increased interdendritic carbon concentration gradient of at the FF’ line and
consequently resulted in the development of ternary arms.
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Figure 3.10 and Figure 3.13 described the constitutional supercooling as the driving force for both
the initial planar to cellular transition and the formation of ternary arms. The secondary dendrite
arm spacing also appears to be a contributing factor in the formation of ternary arms. Figure 3.14 for
instance shows the effect of secondary dendrite arm spacing in the interdendritic carbon
segregation in the model of Alloy A, cooled at a rate of 200◦C/min and under a temperature gradient
of 2◦C/mm.

Figure 3.14 Effect of secondary dendrite arm spacing on the carbon concentration profile in the
interdendritic regions in the model of Alloy A. The temperature gradient is 2◦C/mm and the cooling rate is
200◦C/min.

At large secondary dendrite arm spacings, a carbon concentration gradient is produced as depicted
in Figure 3.14. Conversely, at small secondary dendrite arm spacings, the inter-dendritic liquid
became oversaturated with carbon and therefore the carbon concentration gradient was diminished.
When a secondary dendrite arm overgrows the neighboring secondary arms, it is possible that it can
escape the over-saturated liquid region and thus branch off into ternary arms.
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Moreover, it is likely that in the saturated interdendritic liquid region, the alloy composition shifts to
higher concentrations in the phase diagram where the liquidus temperature is decreased. Thus the
increased segregation at the interdendritic liquid regions could result in the dendrite arm remelting.
This mechanism is schematically shown in Figure 3.15.

Figure 3.15 Schematic representation of dendrite ternary arms remelting due to a local change in
composition (redrawn from [43]).

During dendritic growth, solute pile-up also occurs in the liquid ahead of the dendrite tips. The
solute pile-up causes the liquid to become undercooled at the dendrite tips. Figure 3.16 shows the
carbon pile-up in liquid at the dendrite tips which were produced at the cooling rates of (a)
200◦C/min and (b) 1000◦C/min. The dendrite tips depicted in Figure 3.16 are 1mm ahead of the
initial planar interface.
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Figure 3.16 Solute pile-up in liquid at the dendrite tips at the cooling rate of (a) 200◦C/min and (b)
1000◦C/min. The temperature gradient is constant 2◦C/mm.

Figure 3.16 shows that the carbon concentration gradient in liquid ahead of the dendrite tip
increased at elevated cooling rates. While at the cooling rate of 200◦C/min, the carbon
concentration gradient at the dash line is 7.0(wt)%C/µm, by increasing the cooling rate to
1000◦C/min, the carbon concentration gradient increased to 18.3(wt)%C/µm. In Figure 3.16 the
illustrated dendrite tips reached constant velocities of 1686µm/s and 2398µm/s at the cooling rates
of 200◦C/min and 1000◦C/min respectively. The diffusion length in liquid at the dendrite tip was
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subsequently calculated, which were 11.9µm and 8.3µm at the cooling rates of 200◦C/min and
1000◦C/min respectively.
3.4.2.

Temperature gradient effect in the solidification model of low carbon steel

Starting with a stationary planar solid/liquid interface, constant cooling rate of 20◦C/min and varying
temperature gradients of (a) 2◦C/mm, (b) 20◦C/mm and (c) 100◦C/mm were applied on the
simulation domain. The solid/liquid interface shapes after 20 seconds are shown in Figure 3.17.

Figure 3.17 The effect of temperature gradient on the stability of the planar solid/liquid interfaces in the
model of Alloy A. Temperature gradients are: (a) 2◦C/mm, (b) 20◦C/mm and (c) 100◦C/mm. Cooling rate is
constant at 20◦C/min and the simulation time is 20 seconds.

Figure 3.17 shows the stabilizing effect of temperature gradient on the solid/liquid interface. While
at the temperature gradient of 2◦C/mm the planar interface developed into a cellular structure,
further increase of temperature gradient stabilized the solid/liquid interface in its initial planar state.
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Cooling rate was subsequently increased to 200◦C/min. At the temperature gradient of (a) 2◦C/mm,
(b) 20◦C/mm and (c) 100◦C/mm, and constant cooling rate of 200◦C/min, the solidification
microstructure after 20 seconds is presented in Figure 3.18. Similarly, Figure 3.18 shows the
stabilizing effect of temperature gradient on the planar solid/liquid interface. By increasing the
temperature gradient from 2◦C/mm, shown in Figure 3.18(a) to 20◦C/mm as shown in Figure 3.18(b),
the primary dendrite arm spacing is reduced. At a temperature gradient of 100◦C/mm, shown in
Figure 3.18 (c), the planar interface remained stable. Unlike Figure 3.17, the planar interface in
Figure 3.18 grew into a dendritic structure at temperature gradients of (a) 2◦C/mm, (b) 20◦C/mm.

Figure 3.18 The effect of temperature gradient on the stability of the planar solid/liquid interfaces in the
model of Alloy A. Temperature gradients are: (a) 2◦C/mm, (b) 20◦C/mm and (c) 100◦C/mm. Cooling rate is
constant at 200◦C/min and the simulation time is 20 seconds.

Figure 3.18(b) demonstrates that unlike the planar/cellular transition, the cellular/dendritic
transition is not sharp. In other words, cell and dendrites could co-exist at an unstable solid/liquid
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interface. When cells and dendrites co-exist, the local primary dendrite arm-spacing defines the
formation of secondary arms. To investigate the effect of local columnar grains arm-spacing on the
formation of secondary dendrite arms, the carbon concentration profile in the microstructure
presented Figure 3.18(b) was analyzed and presented in Figure 3.19.

Figure 3.19 Effect of local columnar grains arm-spacing on the formation of secondary dendrite arms.
Cooling rate is 200◦C/min and temperature gradient is 20◦C/mm.

Figure 3.19 reveals a carbon concentration gradient of 0.35(wt)%C/µm in liquid at the HH’ scan line.
The maximum concentration of carbon in liquid at HH’ line is 0.53(wt)%C. The HH’ line is at a
distance from the adjacent dendrite tips where the secondary-arm branching initiates. The distance
between these two adjacent primary dendrite arms are 188µm. On the other hand, the carbon
concentration at the II’ scan line shows a uniform segregation of carbon in the liquid which is about
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0.6(wt)%C. The uniformly oversaturated liquid at II’ line is achieved due to the smaller local arm
spacing of 72µm between the adjacent columnar grains.

Figure 3.20 shows the carbon concentration profile at the dendrite tips, 1mm ahead of the initial
planar interface at the constant cooling rate of 200◦C/min and under the temperature gradients of
(a) 2◦C/mm and (b) 20◦C/mm.

Figure 3.20 Solute pile-up in liquid at the dendrite tips at the temperature gradients of (a) 2◦C/mm and (b)
20◦C/mm. The cooling rate is constant 200◦C/min.
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Figure 3.20 shows that in similar vain to the effect of cooling rate, at increased temperature
gradients both the carbon pile up and the carbon concentration gradient in the liquid ahead of the
dendrite tips are increased. At a constant cooling rate of 200◦C/min and under the temperature
gradient of 2◦C/mm, the carbon concentration in liquid ahead of the dendrite tips has reached
0.10(wt)%C and the concentration gradient in liquid is 0.4(wt)%C/µm. Increasing the temperature
gradient to 20◦C/mm resulted in a carbon pile up of 0.46(wt)%C and concentration gradient of
1(wt)%C/µm in liquid. The illustrated dendrite tips in Figure 3.20 reached constant velocities of
1686µm/s and 63µm/s at the temperature gradient of 2◦C/mm and 20◦C/mm respectively. The
diffusion length in liquid at the dendrite tip was subsequently calculated, which were 11.9µm and
317µm at the temperature gradients of 2◦C/mm and 20◦C/mm respectively.

Finally, at a constant cooling rate of 1000◦C/min and temperature gradients of (a) 2◦C/mm, (b)
20◦C/mm and (c) 100◦C/mm, the solidification microstructure after 20 is presented in Figure 3.21.
Figure 3.21 shows that a cooling rate of 1000◦C/min resulted in a dendritic microstructure at varying
temperature gradients, where the primary dendrite arm spacing decreased at increased
temperature gradients.
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Figure 3.21 The effect of temperature gradient on the stability of the planar solid/liquid interfaces in the
model of Alloy A. Temperature gradient is increased from 2◦C/mm in image (a) to 20◦C/mm and 100◦C/mm
in images (b) and (c) respectively. Cooling rate is constant at 1000◦C/min and the simulation time is 20
seconds.

The carbon concentration profiles in the delta-ferrite and liquid at the onset of planar to cellular
transition are illustrated in Figure 3.22. In Figure 3.22 the cooling rate is 1000◦C/min and the
temperature gradients are (a) 2◦C/mm, (b) 20◦C/mm and (c) 100◦C/mm.
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Figure 3.22 Carbon concentration profile in the delta-ferrite, liquid and the interface between them at the
onset of planar to cellular transition in the model of Alloy A. The cooling rate is constant 1000◦C/min. The
temperature gradients are (a) 2◦C/mm, (b) 20◦C/mm and (c) 100◦C/mm.
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Figure 3.22 shows that at increased temperature gradients, both the carbon built up ahead of the
interface and the carbon concentration gradient in liquid at the onset of planar to cellular transition
are increased. At the maximum cooling rate of 1000◦C/min and temperature gradient of 100◦C/mm
the interface instability model predicts a dendritic to seaweed transformation. The transformation
from dendritic to seaweed microstructures occur when multiple tip splitting of primary dendrites
take place. While these structures grow, further tip-splitting occurs at the surviving tips, while the
trailing branches become entrapped by neighbor interactions. It’s been suggested [44] that during
the solidification of deeply undercooled melts, as the undercooling is increased the transition from
dendritic to seaweed morphologies takes place. Furthermore, experimental observations on
succinonitrile alloys [45] revealed that the morphological transition from dendritic to seaweed
structures is encouraged at increased temperature gradients. It has been suggested that this
transition is an effect of the finite surface tension anisotropy [45].

The model of carbon segregation within the seaweed microstructure presented in Figure 3.21(c)
shows that the dendrite-tip splitting occurs when the liquid ahead of the interface gets supersaturated with carbon. At the cooling rate of 1000◦C/min and temperature gradient of 100◦C/mm in
Figure 3.23(a), the carbon concentration in liquid ahead of the dendrite-tips, at the onset of
seaweed structure formation has reached to 0.9(wt)%C. When the seaweed structure formed in
Figure 3.23(b), the carbon concentration in liquid ahead of the interface further increased to
1.6(wt)%C. This amount of carbon segregation is approximately an order of magnitude higher than
the carbon segregation ahead of dendritic patterns formed at the same cooling rate and lower
temperature gradient of 20◦C/mm, as shown in Figure 3.23(c).
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Figure 3.23 Carbon concentration profile at the temperature gradient of 100◦C/mm (a) at the onset of
dendritic to seaweed transition and (b) in the resulting seaweed microstructure compared to (c) the
dendritic microstructure formed under the temperature gradient of 20◦C/mm. The cooling rate is constant
1000◦C/min.
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Finally, Table 3-6 summarizes the various solidification microstructures the model predicts after 20
seconds, at varying cooling rates and temperature gradients.

Table 3-6 Range of stable (planar) interface morphologies

Cooling Rate
(◦C/min)

Temperature Gradient (◦C/mm)

3.4.3.

2

20

100

20

Cellular

Planar

Planar

200

Dendritic

Dendritic

Planar

1000

Dendritic

Dendritic

Seaweed Dendritic

Solid/liquid interface velocity in the solidification model of low carbon steel

The experimental studies of solid/liquid interface instability are usually performed in a Bridgman
type furnace, where the temperature gradient and interface velocity could be controlled
independently. In real-life solidification situations (in casting for instance), the temperature gradient
and the interface velocity are not independent of each other. Additionally, the solidification
instability model presented in this study does not treat the interface velocity and temperature
gradient independently. In contrast, the interface velocity is influenced by the conditions of both
temperature gradient and cooling rate. Figure 3.24 the position of the solid/liquid interface at
varying cooling rates and temperature gradient. The interface location of zero in Figure 3.24 refers
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to the location of the initial planar interface. Where the planar interface transformed into
cellular/dendritic structures, the cell/dendrite tip locations were incorporated in Figure 3.24.
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Figure 3.24 Position of solid/liquid interface at varying temperature gradients and cooling rates in the model
of Alloy A.

From Figure 3.24, the interface velocity at varying cooling rates and temperature gradients are
calculated as shown in Figure 3.25.
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Figure 3.25 Solid/liquid interface velocity at varying temperature gradients and cooling rates in the model of
Alloy A.

Figure 3.25(a) shows that at a constant cooling rate of 20◦C/min and varying temperature gradients
of 0.05 and 2◦C/mm, the interface velocity graph reaches a peak value after about 7 seconds. The
Initial increase of the interface velocity occurs before the carbon concentration profile in liquid
ahead of the interface is stabilized. The increased velocity period is followed by a second regime
where the interface velocity decays before reaching a constant. The temporary decay regime occurs
as carbon segregates in the liquid phase. After the initial transient period, the interface velocity
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reaches a constant value. This constant value at temperature gradients of 0.05, 2, 20 and 100◦C/mm
are 36, 14, 8 and 3µm/s respectively. As expected, the temporary transient period of the interface
velocity before reaching a constant is more pronounced at higher interface velocities/lower
temperature gradients.

By increasing the cooling rate 10 times to 200◦C/min in Figure 3.25(b), the interface velocity at the
temperature gradients of 2, 20 and 100◦C/mm reached 1660, 60 and 20µm/s respectively. Further
increase of the cooling rate to 1000◦C/min in Figure 3.25(c), resulted in the interface velocities of
2400, 833 and 70µm/s at the temperature gradients of 2, 20 and 100◦C/mm respectively. The
temporary transient period of the interface velocity was also evident at the cooling rates of
200◦C/min and 1000◦C/min. However it is best captured in Figure 3.25(a), where the interface
velocity is relatively low. It should be noted that the measured interface velocities could possibly be
influenced by the large diffusion fields. For instance at the cooling rate of 200◦C/min and
temperature gradient of 20◦C/mm, the diffusion field was 317µm, as discussed in Figure 3.20. The
diffusion field particularly influences the interface velocities, where its value is larger than the
distance between the solidification front and the insulation concentration boundary at top of the
simulation domain.
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3.5

Conclusions

A model of steel solidification was introduced, using MICRESS multi-phase, multi-component phasefield model. The model is linked with the experimental in-situ observations of solidification in the
laser-scanning confocal microscopy for a more reliable prediction of interface stability during
solidification. The solid/liquid interfacial energies of the studied alloys were measured
experimentally, using the isotropic Gibbs-Thomson equation for the curved interfaces. The interface
mobility was treated as a fitting parameter, which was based on the experimental observations, to
retrieve the correct interface velocities during the planar to cellular interface transition at given
cooling rates and temperature gradients. Starting from a stable planar solid/liquid interface and
depending on the steel composition, cooling rate and temperature gradient, the model predicts the
solidification microstructure, the primary and secondary dendrite arm-spacings and the solute
segregation ahead of the dendrite tips and in the inter-cellular/inter-dendritic liquid.

Several experiments were conducted with a Fe-0.05(wt)%C steel. At fixed temperature gradients, an
increasing cooling rate from 20◦C/min to 1000◦C/min was shown to increase (1) the carbon
concentration gradient in liquid ahead of the interface at the onset of planar to cellular transition, (2)
the tendency to planar to cellular to dendritic growth and (3) the carbon build up and the
concentration gradient ahead of dendrite tips. The resulting dendritic microstructure at higher
cooling rates showed a finer dendritic pattern with reduced primary arm-spacings. Formation of
ternary arms due to the increased carbon concentration gradient in the inter-dendritic liquid at
increased cooling rates was also discussed.
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At constant cooling rates, increasing the temperature gradient from 2◦C/mm to 100◦C/mm had
similar effects on the items (1) and (3) and a reverse effect on item (2). The resulting dendritic
microstructure at increased temperature gradients showed a finer dendritic pattern with reduced
primary arm-spacings.

At sufficiently high cooling rate of 1000◦C/min and steep temperature gradient of 100◦C/mm the
dendritic microstructure transformed into a seaweed dendritic pattern. The seaweed microstructure
which is characterized by multiple tip-splitting of the primary dendrites occurs at deeply
undercooled liquid where the liquid ahead of the interface is super-saturated with solute elements.

Increasing the cooling rate or decreasing the temperature gradient results in an increased interface
velocity. At constant cooling rates and temperature gradients, the interface velocity becomes
constant after reaching a temporary peak.
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CHAPTER 4

Phase-field

Simulation

of

the

Solidification

Microstructure of Steel Strip

4.1

Introduction

Direct production of coilable thin-strip from liquid steel and thereby bypassing the hot-rolling
process has attracted a great deal of attention since Sir Henry Bessemer shared his theory of twinroll casting technology for the production of tin and lead foils in 1846, Figure 4.1. [1]

Figure 4.1 Original sketch of Bessemer's twin-roll caster. [2]

The required metallurgical and refractory knowledge for the commercialization of Bessemer's
concept were not available at the time, therefore commercialization of the idea stayed idle for
nearly 150 years. In 1988, BHP Steel of Australia and Ishikawajima-Harima Heavy Industries (IHI) of
Japan initiated a collaborative project to put Bessemer's concept into industrial reality, Project M.
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During the development of Project M, a number of technical design refinements were made to the
original Bessemer's concept. By 1991, BHP steel was able to cast commercially-acceptable stainless
steel coils, followed by the production of carbon steel strips in 1995 at a full-scale plant in Port
Kembla. In 1998 both Nippon Steel Corporation (NSC) and Broken Hill Proprietary (BHP) announced
the first commercialization of twin-roll strip caster for the production of low-carbon steel and
stainless steel strips of 1-3mm thick at the production rate of 20,000 tons per month [3]. Other
companies also developed twin-roll thin-strip casting technologies. Table 4-1 shows eleven micronetworks which are active thin-strip producers, showing their total expenditure on strip-casting R&D
[2].

Table 4-1 Active micro-networks on thin-strip cast production and their total expenditure on strip-casting
R&D (Data reported include only R&D activities that were supported by the US Department of Energy) [2]

To date, the main engineering/technical drawback for the commercialization of this production
technique is the inherent difficulties of controlling the highly interactive processes of heat and fluid
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flow. Some of the difficulties encountered are: sustaining mould containment, controlling the
formation of the “kissing point”, controlling the feeding rate and liquid level in the mould and
adjusting the roll gap and the strip tension rate. [10]

The advantages that the strip-casting technology offers to both steel producers and the steel market
around the world are numerous. The iron and steel industry is often mentioned as a major consumer
of energy, where energy-efficiency needs to be improved. Strip-casting technology combines the
casting and hot-rolling processes and eliminates slab handling, slab reheating, hot strip roughening
and rolling which are inevitable steps in conventional production techniques. A comparison of the
processes involved in different casting techniques is shown schematically in Figure 4.2. [2]

Figure 4.2 Schematic representation of major technologies for casting steel. [2]
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Using the strip-casting method, energy can be saved, greenhouse gas emissions are reduced and the
total capital cost can be lowered by a factor of 4–10 times [4]. Figure 4.2 shows that the strip-caster
can directly produce strips of some millimeters thick compared to the slabs of some centimeters
thick produced in conventional or thin-slab casting techniques. A unique characteristic of the stripcasting is that, the thinner the sheet, the faster it can be produced. As a result, producers can benefit
from a faster and more responsive order/delivery production line. Consumers of the steel market
also benefit from an as-needed inventory, allowing them to reduce their storage costs [5]. Casting
speeds in excess of 80m/min can be achieved, an order of magnitude higher than the conventional
continuous casting technology. Higher casting speed results in an increased efficiency and a
substantial reduction in the investment and operational outlays [6].

Figure 4.2 shows that the strip-casting plant requires a smaller land area compared to the
requirements of conventional continuous casting plants. As a result, capital costs of the strip-casting
plants are lowered in comparison to the conventional caster plant. Additionally, strip-casting
technology opens up strategic advantages for smaller steel firms, allowing them to process the cast
steel into the final product without the need for outsourcing semi-finished products. Therefore,
storage facilities and transportation costs to hot-rolling mills are eliminated. [2]

With respect to the final product, strip-casting technology yet again has advantages over
conventional and thin-slab casting technologies. Production of near net shape dimensions is possible
with the strip-casting, which offers substantial savings in capital and energy costs. The thickness of
the strip can relatively easily be changed by varying the roll gaps and adjusting the critical
mechanisms that control the production. Finally, the rapid solidification nature of the process results
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in a product with finer columnar dendritic microstructure. Where the dendritic microstructure is
refined, segregation of the solute elements becomes more uniform. The later is a major advantage
because it opens up the possibility to cast with lower-quality feed materials and to operate with less
restricted steel cleanliness requirements compared to other casting techniques. [5]

The microstructure of strip-cast steel is similar to the microstructure of slabs produced by
conventional casting techniques in so far as the cast microstructure usually consists of chill zone,
columnar grains/dendritic zone and equiaxed grains zone. A major difference between sheets
produced via the strip-casting route and conventional casting is that, in strip-cast steel a cast
microstructure is retained whereas in conventionally produced steel sheets coarse austenite grains
are broken down during hot rolling and usually a fully recrystallized, homogeneous structure is
obtained [7-8]. As described in Chapter 2, depending on the casting conditions, mould conditions
and cast materials, one or more of the cast zones could be absent. Figure 4.3 shows typical
microstructures of a strip and a slab. The equiaxed zone in not present in the slab microstructure
depicted in Figure 4.3 and the columnar grains are larger compared to the columnar grains in the
strip microstructure. Figure 4.3 also compares some of the cast parameters between the two casting
methods.
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Figure 4.3 Microstructure and process parameters of a thin strip-casting route compared to a slab casting
route. [9]

In this chapter, the MICRESS phase-field code is used to predict the formation of chill and columnar
grains zones in a low carbon steel strip (Alloy A) produced in a typical twin-roll caster. The chemical
composition of Alloy A was previously shown in Chapters 2 and 3. Copper, in concentrations of 1, 2
and 5(wt)% are then added to the model melt and their effect on the solidification microstructure
studied. As described in Chapter 2, the interest and importance of the effect of copper on the
microstructure of strip-cast steel is a consequence of the introduction of copper into the steel, from
the scarp that is used as feed-stock in the twin-roll strip-casting process.

One objective for the use of solidification model in this chapter is to model the effect of varying
amounts of copper additions on the cell/dendrite arm spacing and making qualitative comparisons
with the experimental observations described in Chapter 2, especially because it was found that the
cell spacing is increased at increased copper concentrations.

120

Theoretically, copper addition affects the solidification microstructure by changing the (1) thermal
conductivity of the alloy, (2) the solid/liquid interfacial energy, (3) the solute segregation profile
during solidification and (4) the liquidus temperature of the alloy. The thermal conductivity of the
alloy affects the solidification microstructure by changing the temperature gradient in the liquid at
the solid/liquid interface. At increasing thermal conductivities, the temperature gradient in the liquid
at the solid/liquid interface is lowered. The MICRESS code does not take into account the thermal
conductivity of alloys, but the solidification model in Chapter 3 has shown that at decreased
temperature gradients, the cell/dendrite arm spacing is increased. The second objective of this
chapter is to investigate the effect of solid/liquid interfacial energy and the solute segregation
profile on the solidification microstructure.

The model is linked with the in-situ experimental measurements of the solid/liquid interfacial energy
in the LSCM, for the Fe-0.05(wt)%C and Fe-0.05(wt)%C-1(wt)%Cu systems to obtain a more reliable
prediction of the interface stability during solidification. The technique that is used in Chapter 2 to
measure solid/liquid interfacial energies could not be used in alloys with copper additions more than
1(wt)%, because at higher copper concentrations the liquid pool repeatedly ruptured. The liquid
pool rupture at high copper concentration is possibly due to the decreased solid/liquid interfacial
energies at high copper concentrations. Finally, the segregation of carbon and copper in the
solidification microstructure is modeled and discussed.
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4.2

Literature review

4.2.1.

Principles of Twin-Roll Strip-Casting Process

A schematic drawing of the twin-roll strip-caster is shown in Figure 4.4 and the productivity of this
technique is compared to conventional and thin-slab casting methods. A ladle is filled with liquid
steel from which the melt flows down into a tundish. In the tundish the melt is buffered and the
temperature is controlled. The stored melt in the tundish is fed into a rotating mould at a controlled
rate, through a refractory-core nozzle. The mould consists of two rolls enclosed on the sides by
ceramic side dams. The steel rolls are water cooled from the inside. A chromium coating is often
applied to the rolls to control the heat transfer rate and the melt/roll wetting behavior. Ceramic side
dams which sustain the liquid metal in the mould are preheated in order to prevent the formation of
solid shell on the strip sides. [15]
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Figure 4.4 Schematic illustration of twin-roll strip-caster. [10-11]

At the initial contact between the rolls and the melt, the liquid rapidly cools by the extraction of heat
from the liquid into the rolls. When the initial solid shell is formed, solidification continues into the
melt until the two solidifying shells (formed on either side) join at a so-called “kissing point” and
form a single strip. Figure 4.5 illustrates formation of the initial solid shell and the kissing point in a
schematic of a twin-roll caster. [15]
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Figure 4.5 Formation of the initial solid shell and the kissing point in a schematic of twin-roll caster.
Extracted and redrawn from [12].

The gap between the rolls determines the thickness of strip. In some setups, the fully solidified strip
is guided through a number of pinch rolls into a hot rolling stand, where the strip thickness is further
reduced to desired values. At the end of the process, the temperature of the strip is reduced using a
water-spray cooling system and the strip is coiled. [5]

4.2.2.

Melt/Substrate interface

In the strip-casting process, the initial melt/roll contact is of great significant as it involves
phenomena such as interfacial heat transfer and nucleation and growth. The substrate (rolls)
contains the melt prior to solidification and extracts the heat from the melt. The heat extraction rate
at the melt/substrate interface depends on the substrate material, substrate rotation velocity and
substrate surface geometry. The melt/substrate interface also determines the nucleation and
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growth of the solidified strip. At the initial melt/substrate contact the heat rapidly transfers from the
liquid metal into the rolls. Consequently, solidification takes place as the superheated melt rapidly
cools down to an undercooled temperature where nucleation initiates. Following nucleation, grain
growth takes place and the solid shell grows at a direction opposite to the direction of heat flow.
Some physical parameters that can affect the nucleation and growth are substrate properties (such
as substrate material, surface geometry), melt superheat and melt/substrate wettability. [6]

4.2.3.

Solidification under rapid cooling conditions

One of the main metallurgical challenges for the commercialization of strip-casting process is to
understand the early stages of solidification [5]. A number of experimental techniques have been
developed to reproduce the early stages of solidification in high-speed twin-roll casting process. One
unique technique that was developed to experimentally reproduce the initial melt/substrate
interaction is the levitation-drop apparatus. The possibility of applying very high rates of cooling
combined with the possibility to measure temperatures of the melt and that of the substrate
respectively at the moment of initial contact renders the levitation-drop technique a distinctive
method for the study of the early stages of solidification as for example in the strip-casting process.
Using this technique, the interfacial properties of liquid metal prior to solidification could also be
measured. A schematic drawing of the levitation-drop apparatus is shown in Figure 4.6.
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Figure 4.6 Schematic representation of the levitation-drop apparatus. [6]

The levitation-drop apparatus consists of a silica tube where the sample is levitated. The atmosphere
in the tube is controllable in order to hinder oxidation of the levitating droplet. The tube is
surrounded by two sets of water-cooled copper coils. The bottom coil heats the samples via
induction, while the top coil produces the magnetic field needed for the levitation of samples. As the
metal droplet levitates, a silicon detector monitors the droplet oscillations. Temperature of the
droplet is measured prior to solidification and during levitation. This is done using a pyrometer that
continuously monitors and records the temperature on top of the liquid droplet. Temperature of the
droplet at impact with the substrate as well as the substrate temperature can also be measured via
either a K-type thermocouples positioned about 1mm beneath the substrate surface or with an
optical fiber. [6]
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Using the levitation-drop apparatus equipped with an optical fiber in a copper substrate, Strezov et
al. [13] measured the cooling rate at which the liquid droplet solidifies during the very initial stages
of droplet/substrate contact. Figure 4.7 shows the assembly of optical fiber in the substrate (top)
and the measured cooling rate of the pure iron droplet during solidification (bottom). As shown in
Figure 4.7, at the very initial melt/mould contact, cooling rates of about 1.E+06◦C/s can be achieved.

Figure 4.7 The experimental assembly of optical fiber in the levitation-drop substrate (top) Experimental
measurements and model predictions of cooling rate verses time to nucleation of pure iron (bottom). [13]

Comparisons made in Figure 4.7 are between the measured apparent cooling rate and the cooling
rate at the contact point. The apparent cooling rate is calculated as a spatial average cooling rate at
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the melt interface over the area of the optical fiber hole. On the other hand, the cooling rate at the
contact point is measured from the temperature response of the melt at the contact with the
perimeter of the hole. Experimental measurements of Todoroki et al. [14] for pure iron and ultra-low
carbon steel are also shown in Figure 4.7 as diamonds and circles respectively.

4.3

Modeling Methodology

Figure 4.8 schematically illustrates the twin-roll casting apparatus and the selection of the simulation
domain. Solidification starts at the initial melt/roll contact, located at the bottom of the simulation
domain. At this stage, nucleation of randomly-orientated grains constructs the chill zone. When the
chill zone is formed, the temperature gradient changes direction towards the strip centre or along
the vertical axis on the simulation domain, driving the formation of columnar grains. The columnar
grains initially grow into the strip centre as cells and if the conditions are favored, the columnar cells
branch off and form columnar dendrites. Finally, at the centre of strip or on top of the simulation
domain in Figure 4.8, where the temperature gradient is very low, equiaxed grains develop by a
mechanism of nucleation and growth.
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Figure 4.8 Selection of the simulation domain for modeling the steel strip solidification microstructure.

Width of the simulation domain was chosen as small as 100µm. Height of the simulation domain is
however not fixed and was chosen to move with the movement of the solid/liquid interface. The
initial height of the simulation domain was 100µm. Table 4-2 shows the grid dimension for the
simulation of the solidification microstructure in strip-cast steel.

Table 4-2 The grid dimensions for the simulation of solidification microstructure in steel strip
Cell size
(µm)

X axis grid
size (Cells)

Y axis grid
size (Cells)

X axis grid size
(µm)

Y axis grid size
(µm)

Interface
thickness
(Cells)

0.1

1000

1000

100

100

3

The point of complete solidification in the model corresponds to the kissing point in the strip-caster.
If the kissing point and the exit point in the strip-caster are overlapping, then the solidification
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completes exactly where the strip exits the rotating rolls. Most often, the kissing point is located
above the exit point. In this case, after the complete solidification, the strip is subjected to hotrolling which will invariably influence the strip microstructure. The model presented in this study
does not take into account the effect of strain on the solidification microstructure and assumes that
the kissing point and the exit point are overlapping. The simulation time replicates the actual
solidification time in the strip-caster which is typically around 0.15 seconds [15]. The solidification
time depends on factors such as strip tension, rolls materials and rolls rotation speed.

At this initial melt/roll contact, both the temperature gradient and the cooling rate are very high due
to the high rate of heat extraction by conduction from the rolls. As the solid shell fills the space
between the rolls and the remaining melt, the cooling rate and the temperature gradient decrease
significantly. This trend continuous until the solid/liquid interface reaches the centerline of the strip,
where the cooling rate is minimal and the temperature gradient is relatively low. Solidification is
completed when the temperature reaches the solidus temperature (determined from the solidus
line in the alloy phase diagram for the purposes of the simulation).

4.3.1.

MICRESS Phase-field model of the strip microstructure in a low-carbon steel

A low-carbon, low-alloyed steel (similar to Alloy A) and a number of copper containing alloys of
Group C were selected for the solidification simulations. The chemical compositions of the alloys are
shown in Table 4-3.
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Table 4-3 Chemical composition of alloys
Elements, wt%
Specimen

C

Cu

Mn

A

0.0500

<0.002

<0.01

C1

0.0500

1

<0.01

C2

0.0500

2

<0.01

C3

0.0500

5

<0.01

Figure 4.9 shows the iron-carbon phase diagram and the alloy composition of an Fe-0.05(wt%)C
alloy. Assuming there is no undercooling, solidification starts around 1533◦C and completes at
1515◦C.

Figure 4.9 Iron-carbon phase diagram generated by ThermoCalc, showing the liquid to delta-ferrite phase
transition.
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During this 18◦C of temperature drop, solidification occurs at very high rates at the initial melt-roll
contact. The cooling rate at the initial contact was estimated from Figure 4.7: at the first 0.0001
seconds, the cooling rate could be as high as 1E+06◦C/s. It was assumed that the melt is superheated
by 100◦C before it is introduced to the roll gap. Table 4-4 shows the thermal history of the simulation
domain, in order to replicate the solidification scenario in a strip-caster. Due to the limitations of the
MICRESS software, a stepwise calculation with different boundary conditions was necessary. For the
matter of simplicity, the thermal history presented in Table 4-4 consisted of only 5 steps. For the
intermediate times, MICRESS uses a linear extrapolation to compute the temperatures and the
gradients.

Table 4-4 Temperature/time profile and the temperature gradient profile at the simulation domain
Step
No.

Temperature
(◦C)

Step Time
(s)

Cooling rate
(◦C/s)

Temperature
Drop (◦C)

Temperature
Gradient
(◦C/mm)

1

1633

-

-

-

150
Chill zone

2

1533

0.0001

1000000

100

100

3

1523

0.010

1000

10

50

4

1518

0.020

250

5

5

5

1515

0.120

25

3

0

Sum

Columnar
zone

Equiaxed
zone

0.1501
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Table 4-4 shows that the melt is introduced to the rotating mould at a temperature of 1633◦C in step
1. Step 1 represents the initial melt/roll contact where the temperature gradient is as high as
150◦C/mm. The initial cooling rate of 106◦C/s is applied for 0.0001 seconds, thus the temperature
reaches 1533◦C in step 2. It is at this stage where the nucleation and growth of many randomly
orientated grains of the chill zone occur. When the solid shell is formed, both the temperature
gradient and the cooling rate decreased gradually in steps 3 and 4. During steps 3 and 4, the
formation of columnar cells and columnar dendrites take place. In the last step, both the
temperature gradient and cooling rates reach their minimum value. Step 5 corresponds to the
conditions at the strip centerline, where the nucleation and growth of equiaxed grains take place.
The total solidification time of the model is about 0.15 seconds. During this 0.15s, the temperature
drops by 118◦C and results in an average cooling rate of about 786◦C/s.

The thermodynamics of the model are based on linearized equilibrium phase diagrams. Each
linearized line in the phase diagram is described by a reference temperature (T0), solute
concentrations at the reference temperature (C0) and the slopes of the liquidus and solidus lines.
The thermodynamic data used for the simulation of the solidification of Alloy A is shown in Table
4-5.
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4.3.2.

Modeling the effect of copper on the strip microstructure

One major challenge in the casting of strip-steel is to understand the effect of copper on the
microstructural development during solidification. Segregation of copper directly affects the
product’s mechanical properties. Copper mainly enters the process from the scrap feed-stock or it is
added to the process intentionally in order to enhance the corrosion resistance of the steel. The
effect of varying amounts of up to 5(wt)%Cu on the solidification microstructure of Alloy A was
therefore modeled and the segregation of copper was studied in the produced models.
Thermodynamic data to describe the phase diagrams of copper containing alloys are shown in Table
4-5. The solidus and liquidus lines of the phase diagrams were linearized and entered into the model.
The entropy of transformation of each solute element was also incorporated into the model.
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Table 4-5 Thermodynamic data describing L/δ phase transformation in Fe-C-Cu system

Fe-Cu

Parameter

Value

Reference

T0 reference
temperature

1537.8◦C

C0 (L) carbon

0 wt%

C0 (δ) carbon

0 wt%

m (L) carbon

-83.00◦C/wt%

m (δ) carbon

-488.00◦C/wt%

Entropy of
transformation
of δ-Fe

1.07E+06 J/m ◦C

T0 reference
temperature

1537.8◦C

C0 (L) copper

0 wt%

C0 (δ) copper

0 wt%

m (L) copper

-3.23◦C/wt%

m (δ) copper

-4.43◦C/wt%

Entropy of
transformation
of Cu

1.02E +06 J/m ◦C

3

Chapter 2

Fe-C

Phase
diagram

3

The cooling rate/temperature gradient regimes applied on the simulation domain of Group C alloys
were similar to Table 4-4, except that the initial temperatures were varied depending on the amount
of copper and based on the phase diagrams of the alloys. Using ThermoCalc, phase diagrams of the
studied alloys were produced, showing reduced liquidus temperatures at increased copper
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concentrations. The initial temperatures were therefore accordingly reduced in order to keep the
initial melt temperature constant at 100◦C above the liquidus temperatures.

Due to the lack of the diffusion coefficient values of copper in the delta-ferrite and liquid, these
values were estimated with the method described below:
Figure 4.10 shows that the diffusion coefficient of copper in austenite is a function of both
temperature and carbon concentration. Furthermore, it is suggested [16] that the effect of
temperature on the diffusion coefficient of copper is stronger than the effect of the carbon
concentration.

Figure 4.10 Diffusion coefficient of Cu in steel as a function of carbon content and temperature. [16]

Using Figure 4.10, firstly the diffusion coefficient of copper at the given temperatures was
extrapolated to the carbon concentration of Alloy A at 0.05(wt%)C. The temperature range depicted
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in Figure 4.10 corresponds to the diffusion coefficient values of copper in austenite. The next thing
to do was to estimate the diffusion coefficient of copper in the delta-ferrite phase at the deltaferrite/liquid transition temperature which for Fe-0.05(wt)%C-1(wt)%Cu system is around 1533◦C.

 Q 
 . Figure
 RT 

The relationship between the diffusion coefficient and temperature is D  D0 exp 
4.11 shows the plot of ln D versus 1 T for the carbon concentration of 0.05(wt)%.

Figure 4.11 Diffusion coefficient of Cu as a function of temperature in the Fe-0.05(wt%)C-Cu system.

The linear extrapolation in Figure 4.11 renders the equation:


1 
ln D   3.6298  10 4   1.4118
T  


Eq. 3.6
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From Equation 3.6 the diffusion coefficient of copper in solid at the delta-ferrite/liquid transition
temperature of 1533◦C can be calculated. This calculated value is 4.55E-10 m2/s.

In this method we used the diffusion coefficient values of copper in austenite (presented in Figure
4.10) to estimate the diffusion coefficient of copper in the delta-ferrite, using a linear extrapolation.
This approximation was done due to the lack of diffusion coefficient values of Cu in the delta-ferrite
steel. During the austenite to delta-ferrite phase transformation, the crystallographic structure
changes from FCC austenite to BCC delta-ferrite. The BCC structure has a lower packing factor than
the FCC structure, thus the actual diffusion coefficient of Cu in delta-ferrite has to be higher than the
approximation made using Equation 3.6.

In the case of diffusion coefficient of Cu in liquid steel, it is generally believed [17] that the diffusion
coefficient in liquid metals is roughly the same order of magnitude for different solute elements. For
most solute elements this values is between 10E-8m2/s to 10E-9m2/s as shown in Figure 4.12.
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Figure 4.12 Diffusion coefficient of various solute elements in liquid metals. [17]

The solid/liquid interfacial energy of Fe-0.05(wt)%C-1(wt)%Cu system was experimentally measured
as was shown in Chapter 2. Table 4-6 lists the diffusion coefficient values of copper in liquid and
delta-ferrite as well as the solid/liquid interfacial energy of Fe-0.05(wt)%C-1(wt)%Cu system used in
the simulations. The remaining simulation parameters are similar to the Standard model presented
in Chapter 3.
Table 4-6 Data for the diffusion coefficient and the solid/liquid interfacial energy
Parameter

Value

Reference

Diffusion of Cu in (L)

2.0E-08 m /s

Diffusion of Cu in (δ)

4.55E-10 m /s

σL/δ

188E-03 J/m

2

2

2

[17]
Figure 4.11
Chapter 2
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4.4

Results & Discussion

4.4.1.

Solidification microstructure in Alloy A

Figure 4.13 shows the model prediction of the strip microstructure in Alloy A, depicting the
formation of (a) chill zone and (b) the columnar grains zone.

Figure 4.13 Formation of chill zone and columnar grains in the solidification model of Alloy A.

After 9E-03s the solidification microstructure developed into an array of columnar cells and
columnar dendrites, coexisting as illustrated in Figure 4.13. At this time-step the primary dendrite
arm spacing at 40µm from the strip surface was approximately 14µm.

As solidification continuous towards the centre of the strip, both the cooling rate at the solid/liquid
interface and the temperature gradient in the liquid decreased. While the dendrites grew into the
140

liquid, the primary dendrite arms which have and angle to the direction of the temperature gradient
were blocked and overgrown by “better orientated” dendrites. Consequently, the primary armspacing increased towards the strip centre. Figure 4.14 shows that the primary arm has increased
from 14µm to 25µm at 40µm and 250µm from the surface respectively. The dashed line represents
the position where the measurements were performed.

Figure 4.14 The primary dendrite arm spacing at (a) 40µm and (b) 250µm from the strip surface.

4.4.2.

Effect of copper on the on the solidification microstructure

By adding 1(wt)% copper to the model of Fe-C system, the solid/liquid interfacial energy of the alloy
reduced from 202E-03 J/m2 to 188E-03 J/m2 as experimentally measured in Chapter 2. The initial
temperature (at t=0s) at the bottom of the simulation domains were calculated from the phase
diagrams of different alloying systems to be 100◦C above the liquidus temperature of the alloys.
Figure 4.15 shows that the addition of 1(wt%)Cu to the steel does not significantly change to the
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solidification microstructure. In both cases the primary arm spacing at t = 2E-02s and 300µm from
the strip surface is 25µm and the secondary arm spacing is approximately 3µm.

Figure 4.15 Solidification microstructure and the interdendritic carbon segregation after 0.03 seconds in the
solidification model of alloys (a) A and (b) C1.

Figure 4.15 also shows the interdendritic carbon segregation in the modeled alloys. The carbon
segregation profile in the interdendritic liquid at varying distances from the strip surface is shown in
Figure 4.16.
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Figure 4.16 Carbon segregation profile in the interdendritic liquid at varying distances from the strip surface
in alloys A and C1

In the solidification model presented in Figure 4.15 it is assumed that the diffusion coefficients of the
solute elements are temperature independent. In order to examine the effect of copper segregation
alone on the solidification microstructure, the copper content was further in the model (of alloys
Group C) while the solid/liquid interfacial energy was kept constant at 188E-03 J/m2. Figure 4.17
shows the effect of copper segregation on the solidification microstructure in alloys C1, C2, and C3,
containing respectively 1, 2, and 5(wt)% copper.

Figure 4.17 Model of solidification microstructure after t=0.03s in alloys (a) C1 , (b) C2 and (c) C3.
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Figure 4.17 shows that at increased copper concentrations, the primary dendrite arm spacing
increased, which is in qualitative agreement with the theoretical models of Hunt, Kurz and Fisher
and Tivedi, previously discussed in Equations 2.4 to 2.6. It appears that when the primary dendrite
arm spacing is increased above a critical value, the solute concentration in the interdendritic liquid
can drive the secondary arms to develop ternary arms, as is shown in Figure 4.17(c). Figure 4.18
shows that the copper concentration gradient in the liquid ahead of the solid/liquid interface in Alloy
C2 has a maximum value of only 0.32(wt)%/µm. The copper concentration in the liquid between the
secondary arms (at the dashed line) is almost uniform at around 3.8(wt)%Cu. In Alloy C3 with
5(wt)%Cu, the copper concentration gradient in liquid at the solid/liquid interface has a maximum
value of 1.4(wt)%/µm. The copper concentration in the liquid between the secondary arms at the
dashed line has a gradient of 0.86(wt)%/µm, where the branching of secondary arms into ternary
arms has occurred.
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Figure 4.18 Copper concentration profile between the secondary dendrites after t=0.03s in the solidification
model of alloys (a) C2 and (b) C3

Copper segregation profiles in the solidifying C1, C2, and C3 alloys are shown in Figure 4.19. The
copper segregation in the interdendritic liquid increases from 2.15(wt)%Cu in alloy C1 to 3.9(wt)%Cu
and 9(wt)%Cu in alloys C2 and C3. These measurements were made at the dashed lines at t = 0.03s,
approximately 250µm from the strip surface.
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Figure 4.19 Copper segregation in the interdendritic liquid at t=0.03s in the solidification model of alloys (a)
C1 , (b) C2 and (c) C3.

In should be noted that when copper is added to the system, the microstructure is influence not only
by the copper segregation, but also by changes in the solid/liquid interfacial energy, the thermal
conductivity and the liquidus temperature of the alloy. It is the combination of these parameters
that establishes the solidification microstructure. The strip solidification microstructure model
presented in this chapter can therefore be enhanced by including (1) the correct solid/liquid
interfacial energies of the alloys, (2) a more realistic regime of temperature gradients by taking into
account the thermal conductivity of alloys, (3) a better definition of temperature dependent
diffusion coefficients and (4) a more detailed time-temperature input.
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4.5

Concluding Remarks

Strip casting offers great advantages when compared to conventional continuous casting. Main
engineering/technical drawback for using strip casting in the industrial scale production is the
inherent difficulties of controlling the highly interactive processes of heat and fluid flow. For instance
the solidification time during the strip casting process is less than quarter of a second which is
significantly higher than the commercial casting techniques such as continuous casting. Beside the
technological problems, which need to be solved in an industrial scale process, the microstructural
development during strip casting process can be studied using phase-field modeling method. High
amount of scarps are used in the industrial steel production. Copper for instance is introduced from
the feed-stock in the twin-roll strip casting process. Therefore a phase-field model was developed to
investigate the effect of high rates of cooling and alloy composition on the microstructural
formations and solute segregation during solidification in a twin-roll strip casting.

Due to the limitations of the MICRESS software, a stepwise calculation with different boundary
conditions was necessary. The carefully planned time-temperature and temperature gradient
profiles were assumed within the defined simulation domain. A number of low-carbon steel grades
containing 0.05(wt)%C and varying amounts of up to 5(wt)% copper were modeled and
characterized. The simulation domain reached throughout the half thickness of the cast strip. The
lacking diffusion coefficients were properly derived from the literature data.
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The model is capable of simulating the formation of chill zone and columnar grains zone. The
morphological evolution of columnar grains into columnar dendrites and the growth and branching
of primary, secondary and tertiary dendrite arms are also predicted. Finally, the segregation of
copper and carbon within the solidifying microstructure are discussed.

Solidification model of Fe-0.05(wt)%C alloy revealed a dendritic microstructure, where the primary
dendrite arm spacing was a function of distance from the strip surface. The primary dendrite arm
spacing increased from 14µm at 40µm from the strip surface to 25µm at 250µm from the strip
surface. Assuming a constant solid/liquid interfacial energy, at increased copper concentrations, the
primary dendrite arm spacing was increased. Increasing the copper concentration from 1 to 2 and
5(wt)%Cu resulted in an increased copper segregation of 2.15, 3.9 and 9(wt)%Cu respectively in the
interdendritic liquid.
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